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(a) Electrical stimulation of human skeletal muscle using these
conditions results in a decrease in torque and a decrease in the area
under the negative deflection of the EMG signal recorded from tha
stimulated muscle. The degree of torque loss and of EMG area decrease is
dependent upon the frequency and amplitude of the stimulation; (b) The
amplitude of stimulation (mA) necessary to bring about 50% MVC of a given
muscle group is dependent upon the frequency of the stimulating current.
All of the frequency combinations used in this study were capable of
stimulating the quadriceps femoris muscle to 50% MVC; (c) Subjects pain
tolerance is contingant upon the stimulating frequency and the amplitude
of stimulation. Variations in either burst mod: or carrier frequency of
a stimulating current can alter a subject's pain response; (d) When
torque production decreases as a result of electrical stimulation, an
increase in current amplitude will re-establish the desired torques level
(50% MVC); (e) 1In the context of this study, there was no correlation
between torque and EMG changes following electrically induced muscle
stimulations; (f) In addition to the discomfort encountered during
electrical stimulation of the quadriceps femoris muscle to 50% MVC, there
may be delayed onset of muscle soreness occurring 24 to 43 hours after

stimulation.

(rns A /Q“"“//

James Grattan Rooney

)7 A en 15O

Date




ABSTRACT OF DISSERTATION

EFFECT OF VARIATION IN THE BURST tMODE
AND CARRIER FREQUENCY OF HIGH INTENSITY
ELECTRICAL STIMULATION ON MUSCLE FATIGUE

AND PAIN PERCEPTION OF HEALTHY SUBJECTS

This study determined the effects that electrically stimulating human
skzletal muscle at various combinations of burst modes and carrier
frequencies haEé on muscle fitigue and pain perception. It was carriasd
out on 27 healthy subjects.-\JAn Electrostim 180 2i that was capable of
delivering nine combinations of burst mode and carrier frequency was usad
as the stimulating unit. Subjects wers stimulated at a current amplitude
sufficient to producs 30% of their maximum voluntafy contraction (MVC)
and received a series of ten electrically induced contractions at each
frequency combination. A 1l5-sacond stimulation followed by 50 seconds of
rest was the duty cycle utilized. The Cybex II éynamameter was used o

record the torgue data and the Cadwell 5200A registered the EMG signals.

The results of the data analys;s allow the followinggconclusions to ve
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Chapter 1

INI'RODUCTION AND THE PROBLEM

Claims of using electrical stimulators to develop muscle strength
(torque, force), improve athletic performance, and increase muscle size
have intensified interest in this modality as a rehabilitative and
performance enhancing tool (Curri=r & Mann, 1983; Gould, Donnermeyer,
Gammon, Pope, Ashikaga, 1983; McMiken, Todd-Smith & Thompson, 1983;
Halback & Straus, 1380; Johnson, Thurston & Ashcraft, 1377; Kots, 1975;
Kots, 1976; Kramer & Mendryk, 1982; Kramer, 1987:; Laughman, Yodas,
Garrett & Chao, 1983; Morrissey, Brewster, Shields & Brown, 1985; Nitz &
Dobner, 1987; Owens & Malone, 1983; Peckham, Mortimer, Mursolais, 1975;
Romero, Sanford, Schroederm & Fahey, 1982; Selkowitz, 1982; Stanish,
Valiant, Bonen & Belcastro, 1982). Kots' claims in 1975 and 1976 of 100%
increases in strength of untrained healthy subjects and 40% increases in
strength of trained athletes served as the impetus to thess
investigations (Kramer & Mendryk, 1982). Kots stated that in order for

elactrical stimulation (ES) to be effective, two criteria must be mat.

1)

irst, the current must be one of adequate magnitude and freguency to
oroduca strong tatany in the muscle, and secondly, the stimulus must de
ralatcively toleranle. Many researcnars have shown that ES without
voluntary efiort can increass muscle strength (Currier & Mann, 1933;
Halbach & Straus, 1530; rots, 1977; Kramer & Semple, 1933; Laughman,
Yodas, Garratt & Chao, 19835 Liu, 1984; McMiken, Todd-3mith & Thompson,
1333; Nobbs, Rhodes, McKenzie, Taunton & Mattison, 1932; Owens & Malonz,
1383; Romaro, Sanford, Schroederm & Fahey, 1982; and Selkowitz, 1982).

Howaver, these researchers report that patient discomfort is a major




drawback to this treatment technique. Kots' reports of stimulating
subjects to 120% of their maximum voluntary contraction (MVC) level
without pain have not been substantiated by these other studies.

Kots noted that by using a 2,500 Hz carrier frequency modulated at
50 bursts per second, an adequate pain free training effect could be
elicited. Kots attributes the pain free characteristic of this
combination of frequencies to the currents blocking the pain input of
small afferent nerve fibars by activation of the larger efferent motor
fibers (Balogun, 1937). Vodovnik, et al. (1965) and Crochetier, et al.
(1967) reported decreised skin sensitivity to ES while using frequencies
above 500 Hz. Frequencies above these levels apparently do not initiate
a pain responss from sansory fibers (Li & Bak, 1976). Therefore,
frequencies of greater than 500 Hz seem to satisfy Kots' second criterion
for an effective stimulus-~-i.e., a relatively tolerable stimulation. It
may be that the 2,500 Hz carrier fregquancy advocated by Kots produces an
anaesthetic effect. However, frequencies of greater than 500 Hz do not
produce optimum muscle torgue. Stimulating frequencies of greater than
500 Hz may be stimulating a muscle during its absolute refractory period
(ARP) and be too rapid to fully activate the muscls for optimal torque
production (Massey, Na2lson & Sharkey, 1965). Moreno-Aranda & Seireg
(1981) reported that the ARP for skeletal muscle was approximataly 4 to 3
ms. Tnhis reduced torgue response means that for optimum performance a
muscle should e allowed to rest at least 5 ms. between contractions.
These authors reported that maximum muscle force of the quadriceps
femoris muscle is produced at freguencies between 70 and 150 Hz.
Edwards, Young, Hosking & Jona2s (1377) reported that the fregquencies of

electrical stimulators used to produce tatanic muscular contractions




range from 33 to 1,000 pulses per second. The reported studies using
this wide range of frequencies, coupled with variations in wave forms and
current amplitudes have made comparing and evaluating them very
difficult. The present study will provide information on the effect that
various combinations of burst frequency and carrier frequency have on
pain perception and muscle force (torque). A carrier freguency is a
continuous fast rate of pulses. When this carrier frequency is
interrupted (modulated) to provide groups of these fast rate of pulses,
the group or package of pulses is then called a burst.

Fatigue is another aspect of muscle performance that will be
assessed during this research. Exercise physiologists report that the
stimulus for muscle growth is the tension developed within the muscle
(Astrand & Rodahl, 1977; Edington & Edgerton, 1976; Goldberg, Etburger,
Goldspink & Jablecki, 1975; and McArdle, Katch & Katch, 1986). The
greater the muscle tension developed during each contraction, the greater
the potential for growth. If a muscle could be stimulated maximally
during each contraction of an exsrcise bout without fatiguing, maximal
torgue could be developed with each repetition. These maximal
contractions would then potentiate optimal strength gains. Kots
stimalatad suzjects to 200% of their MVC and reported minimal £fatigue
occurring during 10 contractions (Kramer & Mendryk, 1982). However,
Carrier % Mann (195%3), using electrical stimulation said to duplicate the
characteristics describad by Kots and stimulating sufficiently to produce
the eguivalant of 30% of a subject's MVC, reported significant muscle
fatigues (torgue decrement/electrically induced contraction) during a bout
of 10 electrically stimulated contractions. Selkowitz (1985) and

Moreno—-Aranda & Seireg (1881) also showed fatigue while stimulating




muscles at various burst frequencies and carrier frequencies. If Kots'
claims of minimal fatigue during maximal electrical stimulation could be
duplicated clinically, an ideal training vehicle would exist. Maximal
pain free muscle contractions with minimal fatigue would allow optimal !
activation of all the responding motor units during each repetition of an
exercise bout. Selkowitz (1985) has shown that there is a direct
relationship between the intensity of stimulation and strength gains
during the ES of normally innervated muscle.

Gollnick (1973a,; 1974a, b) found that muscle contractions of less
than 20% of a muscle's MVC utilized slow twitch muscle fibers, while
tensions exceeding 20% of the MVC called for the addition of fast twitch
fibers. Goldnick's work supports the "size principle' espoused by
Henneman (1965) and confirmed by electromyographic studies using fine
wire electrodes (Hannez, 1974) and bipolar surface electrodes (Gydikow &
Kosarov, 1974). There have also been reports of initial activation of
fast twitch motor units during voluntary ballistic activity (Grimby &
Hannerz, 1977). Appell reported that during high intensity ES, there is
a reversal of the "size principle" for volitional contractions in that
the largest motor neurons innervating the Type II fibers are activated
first and to a greater degree than Typ= I fibers {(app2ll, 1388). Appell
so2culates that the selective activation of Type II fibers during high
intensity ES may lead to hypertrophy of these fiters. However, the
preferential activation of the fast-fatiguing Type II fibers by ES can
lead to an increasad rates of muscle fatigue (Currier & iMann, 1983;
Peckman-Barun, 1333). This increased rate of fatigus can have

delaterious consequences during functional electrical stimulation (FES).




This research project will compare the levels of muscle fatigue
produced by varying combinations of burst frequency and carrier freguency
during an exercise bout and speculate as to the type of motor unit being
activated by the electrical stimulus. The rate of muscle fatigue will be
analyzed and comparad with changes in the pre- and post-stimulation
electromyographic signals. I hypothesize that muscle fatigue (torque
decrement) and pattern of EMG changes revealed in the raw EMG signals
(pre- vs post-stimulation) are indicative of the early fatigue of the
Type II muscle fibers. This early fatigue of the Type II units may be
one of the reasons for the shift of Type II muscle characteristics to
Type I characteristics during electrical stimulation (Eisenberg &
Salmons, 1981; Eriksson & Haggmark, 1979; Greathouse, 1936 and Heilmann &
Pette, 19739). In athletes performing high intensity ballistic movements
and in the geriatric population--reported to have selected Type II fiber
atrophy (Anlanssen, 1986)--the application of ES to prevent atrophy may
be counterproductive considsring Type II fibers take on Type I
characteristics. However, the effect that electrical stimulation has on
a particular fiber type may be related to the frequency and amplitude of
the stimulatcr (Cabric, Appell & Risic, 1983). Cabric, et al, reported
changes in the nuclear configuration of ooth tha Typa I and II muscle
fioers following E3 put showed more pronounced changes in the Type II
fiobers. In fact, using a sinusodal wave form with a 2500 Hz freguency
and an intensity of 35 to 45 mA, Cabric reportad Typz II fibar
hyoertrophy. Minimizing Type II fiber fatigue should allow maximal
muascla activation, maximize the desired adaptive strength changes, and

minimize th2 rate of mus:zle fatigue.




The site of muscle fatique has been debated for the last 60 years
(Bigland-Ritchie, Jones, Hosking & Edwards, 1978; Sigland-Ritchie &
Woods, 1984; Merton, 1954; and Reid, 1928). The areas cited in the
literature are areas that lie within the central nervous system (central
fatigue), the metapolic and enzymatic processes within the muscle fiber
(peripheral fatigue), and the excitation-contraction coupling process
that tie the central and peripheral elements together. Although
biochemical analysis of the fatigued muscle would be necessary to
objectively identify metabolic changes in the wmuscle, this author will
speculate on the causce and location of electrically induced muscle
fatigue.

In the laboratory during controlled experimants on animals and in
limited clinical trials on humans, researchers have been able to prevent
muscle atrophy and in some cases, produce muscle hypertrophy (Cabric, et
al,, 1988; Greathouse, 1935; Kots, 1976; Munsat, McNeal & Waters, 1976;
and Nitz & Dobner, 1987) by using electrical stimulation. High intensity
ES with pulsed tetanic frequencies are capable of producing the level of
muscle activity necessary to produce adaptive changes in the muscle,
However, thes2 same ES stimulus characteristics (freguencies and
intensity) cause levels of fatigue and discomfort that limit the general
clinical use of £3. Therefore, an optimal frequency combination that
reduces pain and facigue and yet maintains acceptable torgue levels is

n22d2d to make ES a clinically accepted procadura.




The Problem

Stataiment of the Problem

The lack of knowledcu= of electrical stimulation as a therapeutic
instrument has limited the utilization of this modality as a
rehabilitative tool. What are the optimal parame=ters of electrical
stimulation (amplitude, carrier frequency, pulsed bursts) that minimize
subject fatigue (torgue decremant) and yet are capable of stressing
muscle to 50% 4VC? Defining these parameters would enable physical
therapists to design clinical programs that minimize muscle fatigue,
prevant muscle atrophy and modulate pain perception.

The purpose of the present study was fivefold. The first objective
was to determine how the amount of electrically induced muscle fatigue
varied with different combinations of carrier frequency and pulsed
bursts. The second intent was to datermine the magnitude of current (mA)
necessary to produce 50% of a subject's MVC at varying combinations of
carrier freguency and bursts., Th2 third goal was to examine a subject's
response to the various combinations of carrier frequency and bursts to
determine which is the least painful. A fourth objective was to
datarmina what =2ffect periodically increasing the stimulus freguency has
on fatigu2 and torgue production. The final aspect of this study was to
compara raw ZMG signals in the pre- and post-exercise periods to the
amount of strength (torque) decrement. Although no biochemical analysis
was performad, the author speculatad on the site and cause of
alactrically inducad muscle fatigu2. The null nypothesis was that
variations of carrier freguency and bursts have no effect on the amount
of muscular fatigue or the subject's pain perception, and that there is

no correlation between the raw EMG signals and the amount of muscle




fatigue. The experimental hypothesis is that there is an optimal
combination of carrier frequency and bursts that sufficiently stresses
muscle to 50% MVC while minimizing fatigue and perceived pain.

Scope of the Study

This study was carried out in two phases on 28 healthy volunteers
between the ages of 18 and 35 years. One subject was unable to tolerate
the necessary levels of stimulation and was dropped from the study. The
majority of the subjects were recruited from physical therapy and
physical education students at the University of Kentucky. Phase I
determined the combination(s) of carrier frequency and pursts during ES
that satisfied the following criteria:

1. Produces a minimum of 50% of each subject's MVC, and

2. Produces the least amount of discomfort to subjects being

stimulated to 50% of their MVC.
These combined conditions are considered the optimum for clinical
electrical stimulation.

Phasa II, using frequency information obtained in Phase I,
determined the effect of manually incrementing the current intensity of
this optimum frequency after every series of two muscle contractions oy
ES has on muscle fatigue and torgue production.

Phas2e I began with a familiarization ss2ssion. During this
familiarization session, the subjects' height, waight, sex, and ages ware
recorded. The subject's maximal isom=tric knee extensor torgua (th2
highest torgues reading of three repstitions was used as tha maximum) was
determined using the Cybex isokinetic exercise unit, 50% of this maximal
was us2d as a target torque during electrical stimulation. Following tha
torgue m2asuremant(s), each subject was given sufficient time o

familiarize himself with the Electrostim 180-2i high intensity electrical




stimulation unit. The Electrostim 180-2i uses surface electrodes.
Subjects were encouraged to stimulate their quadriceps femoris muscles
with a current amplitude sufficient to produce 50% of their measured
maximal knee extensor torque. During the familiarization session,
individual subjects may produce greatar or less than 50% of their maximal
torque depanding on individual tolerance to electrical stimulation.

Fifty percent of the maximal torgue was a target figure. Following the
familiarization session, there were three additional experimental
treatment sessions during Phase I. During each of these three
exparimontal sessions, edach subject randomly reczived one of three
pradetermined burst modes (50; 70; 90 Hz) combined with a randomly chosan
carrier frequency (2,500, 5,000, 10,000 Hz). 1In a single test session,
each subject receivad a series of ten stimulations at an intensity
sufficient to produce approximately 50% of their maximal voluntary torque
to determine the maximal amount of muscle fatigue. Fifteen seconds of
stimulation was followed by a 50-second rest period. Following a
five-minute rest period, each subject received another randomized
comoination of bursts and carrier frequencies and the
fraquency-torque-£fatigue relationship was again destermined by assessing
th2 recordsd torgue curves. During the course 0f three treatment
s2ssions, =2acn subject experiencad all combinations of the predetermined
fraguencies (total = 9). Immediately following the tanth stimulation
(mascla contraction), th2 subject rated the pain perception using a 10 cm
visual analog scala. A raw EZMG signal was recorded during a maximal
voluntary isom2tric contraction ooth pre- and post-stimulation. Adequate
tim2 for warm—up was afforded each subject prior to each axparimental

session and consistad of 3 to 5 minutes of stretching the leg muscles
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supervised by a physical therapist. The hamstring, quadriceps femoris
and gastrocnemius-soleus muscle groups were stretched (muscle elongation)
using static stretching techniques. Subjects were positioned to stretch
these muscle groups by the researcher, told to stretch to the point of
tightness and hold for 15 seconds. A minimum of five stretches were
performed for each muscle group. Following Phase I, torque/frequency

raphs were analyzed to determine the optimal frequency (or frequencies)
that produce 50% of a subject's MVC and are tolerable. A two-way ANOVA
with repeated measures (frequency and carrier frequency) was used to
analyze the datia. The interaction of carrier frequency and pulsed bursts
on pain, torque, and fatigus was analyzed using a Statistical Analysis
System (SAS) statistical package. The SAS was also used to analyze the
relationship betwsen fatigue and any quantifiable changes in the EMG
signal as well as the relationship that the burst and carrier frequency
combination and the number of mA necessary to produce 50% of =ach
supject's MVC.

Phasa II determined what effect incrementing the intensity of the
optimal freguencies has on fatigue and torgue production. The Phase I
optimal combination of frequency and carrier fraguency was appliad to
each subject. Aftar every two contractions, the intensity of the
stimulation was increasad to subject tolerance in ordzr to maintain
torgue levals of 50% MVC to determine the effect this approach has on
fatigue. 3Zach subject received ten stimulations at the chosen irsquancy
and exparienced only the frequency combination they found to b2 most
comfortable during Phasa I.

As in Phasa I, the 3AS statistical packags was used to analyze Phasae

II data. A significance level of .05 was used in the analysis of both
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phases. A corralation between subjects weight and maximal voluntary
isometric torque was also utilized.

Limitations of the Study

This study was designed to determine the combination of burst
frequency and carrier frequency that could produce 50% of a subject's MVC
and at the sam2 time be tolerable to the subject. Although all the
subjects tested found some combinations to be more comfortable than
others, no subject reported any combination-—-applied at sufficient
current amplitude to produce 50% of their MVC--to be comfortable.

Several subjects complained of delayad muscle soreness occurring 24 to 48
hours after the electrical stimulation. This limitation could not be
controlled. With encouragement and coaching, all of the subjects, but
one, ware able to tolerate the nine frequency combinations.

The use of muscle biopsies to the guadriceps femoris muscle
following voluntary and electrically induced muscle contractions would
have allowed direct observation of the metabolic changes following

exercise.



Chapter 2

REVIEW OF LITERATURE

This chapter presents a review of literature that focuses on the
clinical proolems encountered when electrical stimulation is used to
prevent muscle atrophy and strength loss. Muscle fatigue and the failure
to genarate adequate muscle torque, coupled with a patient's inability to
tolerate the discomfort encountered during stimulation are the factors
rmost often cited as limiting the clinical use of this modality (Halbach
and ftraus, 1980). AltHough there is little doubt that =2lectrical
stimulation will alter the subcellular and mstabolic properties of the
mascle (Cabric, et al., 1988; Ericksson & Haggmark, 1981; Greathouse,
Nitz, tatulionis, & Cucrisr, 1986; and Poorman & Taylor, 1979), the dual
dilemma of fatigue and pain limit its use in the clinic. However,
researchars have shown that by varying the freguency of the electrical
stimulus, a subject's metipolic and pain perceptual response can be
altered (Crochetiera, Vodovnki & Reswick, 1967; Edwards, 1973; vodovnik,
Long, Regjenos & Lippay, 1965). An optimal frequency or comoination of
bursts and carrier frequency that reduces pain and fatigue and yet
M2intains acceptable torgu2 lavels is ne2d:3 o maka elecirical
stimalation a vianle clinical tool,

Zlactrical Stimulation and Muscle Fatiguz

The site of muscular fatigue has been dapated for tha last 3D y2ars
(8igland-Ritchiez, Jones, Hosking, & Edwards, 1978; 3igland-Ritchnizs, 1331;
Bigland~-Ritcnia & Woods, 1984; Bigland-Ritchie, Furbush & wWoods, 13d3;
Edwards, 1275, 1934; Gibson & Edwards, 1985; Marton, 1954; Reid, 1323).

he areas cited in the litezrature are tnos2 that lie within the central

12
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necrvous system and cause "central fatigue", the metabolic and enzymatic
processes within the muscle fibar "peripheral fatigue", and the
excitation-contraction coupling process that ties the central and
peripharal elements together. During a voluntary muscle contraction,
thara is a chain of events starting with the motor cortex, traversing the
motor tracts to the axon, crossing th2 myoneural junction, and finally
tarminating with the enesrgy dependent intaraction of the actin ard myosin
filaments (Bigland-Ritcnie, 1931). Aadmnittedly this is a simplistic view
of tne chain of motor activity and 1t must be remembered that thers ars
many feadbacik loops in the chain that grade and guide muscle pzrfonmance
{Astrand & rRodahl, 1977; 3chaidt, 1983). Edwards (1981) defined fatigue
as the, "inability of a muscle or a group of muscles to sustain the
raguired or expectad force." Any interruption along this pathway could
result in the decrease of muscle force that marks fatigu=. Many
rasearchers view fatigue on a continuum and ovelieve that fatigue rasults
fron a series of interrslated events occurring at sevaral points on the
aotor chain. Thes2 interruptions in the chain, be they chemical or
m=chanical, result in a loss of forca. 1In addition, the site or

comoination of sitas that fail initially during exercise may 22 due to

n2 tyoe anid intensizy of th2 exercis2 (3igland-Ritcnie, 1331).

Tna concapt of c2ntral fatigua is supportad by Asmussan (1373) and
ikal {Zrom 3igland-Riczcnile, 1384). These authors reported tnat a muscle
2xnioiczd a Jreacav raze of force 1oss during a voluntavy contraction
tnan recocasd during 2lectrical scimualation. I'ne autnhors theorized chat
a loss of drive froa th2 motor cortex was rasponsible for the loss of

force during the voluncary 2ffort, hence "central fatigue". The research

of Asmnass2n {1973) and Ikai (1961) supports the earlier work of Musso
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(1915), Reid (1923) and Lippold (1960). Asnussen and Magin (1973) show
that more work could be done following an exhaustive bout of exercise if
subjects engagad in diverginal physical or mental activities during the
rest period. Here the authors conclude that the bilance bstween the
facilatory and inhibitory impulses in the CNS is changed and consequently
raduces central fatigua. Before 1954, only a fraction of the available
Totor units wera considered to be activated during maximal voluntary
muscle contractions. This misconception made the concept of central
fatigue difficult to study, since all the motor units in a muscla could
not be simultanaously activated by a voluntary effort, In that year,
ooth Merton (1954) and Bigland & Lippold (1954) showed that in well
motivated suojects, the MVC of the adductor pollicis muscle could imatch
the forca generatad by the muscle during a supramaximal stimulation of
the ulnar n2rve. These studies were duplicated by Belanger and McComas
(1931) and by Bigland-Ritchie, et al. (1973) using different muscle
groups. Thesa findings led these and other resszarchers to conclua2 that
either MVC or the supramaximal stimulation of the na2rve innervating a
muscle could result in the complate activation of th2 muscle (3igland &
Lippold, 1954; Merton, 1954; Edwards, 1373; Bigland-Rizchiz, Jon=2s,
Hos<ing & Zdwards, 1378). Thes2 invastigatdss speculate that during
maximzl muscle contractions lasting up to &) seconds, central factors
w2ra not rasoonsiole for decraments in muscle forca. in £acz, M=rTon,
Hill & Marton (193381) later reportad tnat the force lost during a
sustained 4VC could not be rastorad with direct s:timalation of ths wmoror
cortax or by stimulating the muscle memorang itself., In well motivated
hz2althy sabjacts, there is little evidence supporting th2 ral2 2L central

fatigue in the force loss noted during exarcise that lasts 60 seconds or
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less (Bigland-Ritchie, Johansson, Lippold & Woods, 1983; Bigland-Ritchie
& Woods, 1984; Merton, 1954). During a sustained MVC (lasting more than
60 seconds) Bigland-Ritchie, et al. (1978) showed that central drive
tends to decline over time and central fatigue may b2 due to a decreasa
in subject motivation or a decrease in motd>r neuron excitability.
Pandolf (1978) suyggests that subject motivation is decreased by pain and
discomfort in the muscle during prolonged (greater than &0 seconds)
muscle contractions. The author speculates that the buildup of lactic
acid and the subseguent decreas2 in muscla pd stimulate free nerve
endings in th2 muscle cdusing pain and leading to decreased motivation
(Pandolf, 1978). Karlsson, Punderburk, Essen & Lind (1975) also cite
pain from lactic acid accunulation as a limiting factor in exercise which
may l2ad to decreased central drive. In a rscent study by
Bigland-Rizchie, et al. (1936), the authors stated that during
intermittent suomaximal voluntary contractions there is no evidence of
central fatigue in the quadriceps femoris or the adductor pollicis
musclas. This study confirmed the earlier work of Bigland-Ritchie, et
al. (1933) that reportad no avidence of central fatigue during
intarniztent submaximal limd exarcise lasting up to 20 minutes. Both of

nas2 studies conflict with Ballamara's, 2t al. (13933) conclusion that

r

[N

acrease 1n c2ncral drive 1s a factor in fatigue.

The argumnent for fatigue occurring at the myoneural junction during
suomaxlamal volantary mascle activity receives little support from th2
currant literature (3igland-Ritchie, Furbush & Woods, 1935;
Bigland-Ritchie, Kukulka, Lippold & Woods, 1283; Marsden, Meadows &
dzrton, 1933; and terton, Hill & Morton, 1931). Merton's work showing

tnat force lost during MVC could not be rastored by direct stimulation of
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the muscle fibers offers convincing evidence that fatigue is not taking
place at the myoneural junction during voluntary muscle activity.
Bigland-Ritchie, et al. (1982) confirm Merton's conclusions as does the
work of Hill, McDonnel & Merton (1380). These authors conclude that the
main area of muscle fatigue during a voluntary contraction is in the
contractile apparatus and not thz myoneural junction. There is some
evidence, however, that during electrical stimulation at 80 Hz, fatigue
may occur because of reduced excitability of the muscle fiber or a
decr=asad responsiveness at the myoneural junction (Jones,
Bigland-Ritchie & Edwards, 1979). Elmgvist and Quastel (1985) reported
increasad rale2as2 of nsurotransmitter substances at the myoneural
junction as the frequency of z2lectrical stimulation increasad from 30 €2
70 Hz. The rata of fatigue at thesz frequencies during voluntary
contractions of healthy muscle is not as grzat bacause of the natural
prograssive slowing of motor unit firing ratss during maximal voluntary
efforts. Jones, =2t al. (1979) reported that by changing from highzr to
lowar (80 Hz to 20 Hz) freguenciass of electrical stimulation, the forcs
2f a muscle contraction could be maintainad and fatigue d=layad while
utilizing electrical stimulacion. The force of an electrically
stimalated mascle contraction may depand upon the stilmalation Ivejaancy
{Zdwards, 1373). During a 4AVC of the adductor pollicis muscla the

initial motor unit firing rate is 100 impulses per s=2cond and

b

nrograssively slows to 20 per second in lass than on2 minute, This

J

decraase in motor unit activation rate =nables th2 muscls o maintain its
external force developmant and reduces the rata of fatigu2 (Marsdon, 2t
al., 1933). Obviously, this rate of changz is not 32en with electrically

stimulatad contractions because of the constant stimulazing freguency
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(synchronous recruitment). The exact mechanism for the slowing of the
motor unit firing rate is not known, but Marsdon, et al. (1983) speculate
that it may be raflexly controlled with the cerebellum setting the
pattern of muscle activation. 3igland-Ritchie & Woods (1984) also
speculata’ that reflex feedback from the muscle is necassary to control
the frequency of activation and consequently, the type and number of
motor units activated. This freguency control enables the muscle to
gena2rate the wminimal force necessary for a desired outcome. Thase
rasearcners (Marsden, et al., 1983; Bigland-Ritchie & Woods, 1934)
further speculate that this rate control during a voluntary contraction
prevent: fatigus at the myoneural junction. This may not be the cise
whan ¢ lectrical stimulation is utilized.

A\ recent study by Bigland-Ritchie, et al. (1986) offers further
evidence that as the internal environmant of a muscle changes during the
contractile process, the rat2 of neuromuscular firing is controlled by a
paripheral reflex within the muscls fibers. Thes2 authors monitored tha
motoneauron discharge rate during the first 10 seconds of a MVC. The
contraction lastad an additional 10 seconds and then three minutes of
rast was allowed the subject. After the rest period, the motonsuron
dischargs rate was again recordad during a #VC and th2 rata2 was found to
o2 witnin 395 :/1os of the initial rata. The sam2 protocol was £ollowad
on anothar group 2f subjects excapt their circulation was occluded in the
tested extremity during th2 rest period. With the blood supply occluded,
tha2 motonearon discharge rat2 during the sacond contraction ramained
depressad (3igland-ritchie, Dawson, Johansson & Lippold, 1986). The
authors sabmit this as additional evidence that a peripheril wmechanisa

within the mus:tle controls the firing rate of the motonsuron during a
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contraction. This rationale may account for the different ratas of
fatigue during voluntary and electrically stimulated muscle activity.
Currier & Mann (1983) reported a 24 percent decrewnent in the amplitude of
fatigue curves of the gquadriceps femoris muscle during ten repetitions of
2lectrical stimulation (2,300 Hz carrier freqguency modulated at 50 bursts
par second) compared with a 10 percent decrement in subjects parforming
voluntary isom2tric exercise at a similar force. Hoskins, Young,
Dubowitz & Edwards (1978) stated that force decrement during electrical
stimulation was dependent upon the frequency of electrical stimulatinn.
Whan stimulating the guadriceps femoris muscle at 30 Hz, a 10 percent
decrease in force was reported. With a stimulating frequency of 100 dz,
a 59.6 percent forca (decrement) was noted. This characteristic loss of
muscle force occurrad whether the muscle was stimulated directly as in
thae Hoskin and Young study or if the femoral nerve was stimulated
indirectly (from Nelson & Currier, 1987).

Paripheral fatigues results from failure of the muscle contractile
apparatus and yields a decreaszad force2 generating capacity in the
individual muscle fibers (Bigland-rRitchies, Furdush & Woods, 1936).

Changes in rae contractlle apparatus may o2 du2 0 A dacreas2 in ener

«Q
v

sapply or alterations in th2 contractila m2chanist (3izland-Rizcnie, 2t
al,, 1986; Edwards, 1975; Ginson & Edwards, 1333; Hul:inan, 3prisct &
Soderlund, 1936). Ihe immediate sourc2 2f enargy in tha2 mascla is che
or=2akdown of adanosine triphosphata (AT?) (Astrand & Radahl, 1377). AT?
can b2 replenished in the muscle by phospnocreatine (Plr) dagradation,
anaaronic glycolysis and oxidative phosphorylation of carbdhydrate and
fat. Tne manner in which ATP is repnlanished depands upon the type of

muscular activity. At rcest, frez fatty acids constitute th2 main fual
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supply; during suomaximal exercise, glycogen is utilized via oxidative
phosphorylation; and during maximal effort, phosphagens and muscle
Jlycogen are utilized anaeroobically (Astrand, 1977; Hultman, Spriet &
Soderlund, 1985). During different phases of exercise, on2 fu2l source
may domninite but the muscle does not utilize one fuel exclusively during
any phase of exercise. The chemical changes noted during submaximal
@xercise can contribute to the loss of force seen with fatigue. The
breakdown of PTr and glycogen during ex=rcise increase the concentration
of lactic acid (LA) and hydrogen ions (H+). These substances diffuse
through the surrounding intarstitial tissue. The more intense the muscle
contraction, the morz2 H+ ions are producad and th: lower the muscle's pH
bacones. Ericksson, Haggmark, Kressling & Karlsson (1931) report that
the m:tapolite changes observed during intense muscular work (decreased
PCr, decreasad ATP and decreased glycogen storas) are also sean during
electrically stimulated muscls contractions. The amount of LA and
sadsequent H+ ions produced may depend upon the predominent fiber type of
the ex2rcising muscle,

Komi and Tasch (1379) raport that musclas with predominant Typs II
fioer compositions not only produce high torgus valu2s, but also have a
jrzater sdsceptinility to fatigue than nuscles with predominanct Type I

f{ioezrs. Pradominance of Zibar typ2 may r2alate to Karlssoa's cosarvation
that with Type II dominant muszles, mors lactic acid is produzad a: a
3ivan exerzise intensity (Karisson, 3jodin, Jacobs & Kilser, 193l). Komi
and Tasch (1379) cit2 incrz2asaed ratas of fatigue and increasad lactate
formation in muscles rich in Type II fibers. Fitts and Holloszy (1976)

statz that dJecraasad muscle pid might be rasponsinle for contraction

failur2. As the concentration of Type II fibars increases, th2 amount of
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LA produced increases (Stainsoy & Eitzman, 1986; Tesch & Karlsson, 1977;
Tesch, Sjoden, Thorstensson & Karlsson, 1978) Shalin, Edstrom and
Sjoholm (1983) suggest that the decrease in intracellular pH is
a3soziated with inuscle fatigua. Hermansen (1931) demonstrated that the
pd of skeletal muscle decreaszs from about 7.0 at rest to 6.4 at
exhaustion and speculates that this change in pH is responsible for the
decreased muscle force noted at =2xhaustion. The author cites pravious
studies by Danforth (1935) and Ui (1966) that th2 two key enzymas
promoting glycolysis —-- phosphorylase and phosphofructokinasz -- ars
almost completely inhibited at a pH of 6.4. With glycolysis inhibited,
ATP formation is limited and force production capability decreases. The
incraase in H+ ion concentration may also limit the2 interaction of
calcium and troponin necessary to combine actin and myosin in the
contractile process (Astrand & Rodahl, 1977; Basmajian & DeLuca, 1385;
Hermansen, 1981; Robertson & Kerrick, 1979; and Tesch, 1980). All of the
advarse chemical reactions associated with the decreass in pH may
contribute to peripheral fatigue. In addition, the decreass in pd may
cause a reduction in the conduction velocity of tn2 muscla memorane and
myo2lectric shift toward che lower neuromuascular firing rat2 (Basmajian &
Deluca, 12383; Fagdbarg, 1931; Pa2trofsky, 1373; 2atroisky & Lind, 1330).

Several authors hava tiad this chang2 in .nascular activity, which can be

T

1ilia

quantified using surface EMS (Fowlar, Zanta &

)

-
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971) to ths
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!
dacrsasae in tha conduction valocity oI ne sarsolamnma causaed dy the
increase in lactic acid concenzration s22n during muascla fatigue
(Bigland—-Ritchie & Woods, 1384; Bramnan, 1377; 3roman & D2lica, 1335; Komi

& Tesch, 1973). These studiss ware conductad using surface =lectrodes.
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Blood must circulate through the muscle during exercise to prevent
build-up of matabolities (Basmajian & DeLuca, 1985). Howaver, once the
voluntiry isometric contraction force of a muscle exceeds 15% of its MVC,
the circulation is severely restricted (Bigland-Ritchia & Woods, 1984).
The blood flow is practically occluded when the voluntary isometric
contraction force reachas 0% of a muscle's MVC (Bonde-Petarson, Monk &
Nielson, 1975). The relative force that occludes a muscle also depends
on the size of tha2 muscle and th2 geometry of tha fibars
(Bigland-Ritciie, 1981; Luttiyens & Wezlls, 1983). The diminished
clrculation pravants ramoval of the muscle mataboliti=2s and the acid
environmant remiins.

Thera ares several characteristics of motor unit organization that
should be recognized when contrasting voluntary and 2lectrically
stimuliced muscle contractions. During a voluntary contraction, the
motor units are activatad asynchronously. Asynchronous activity causas
various motor units to be active and inactive at different times and
discharge at different rates during the contraction (Basmaiian & DeLuca,
1935). Since the motor units and even the fibers innervatad by a singlz
motor nzuron are dispersad throughout the muscle, this asynchronous
o2navidr yi=lds 4 300010 contraciion {(3igland-Ricchi2, 1233). 3B=2caus2
inaividaal mooor units agze not continuously firing, th2 rate variation

may d2cre2ase facigue.  dn the otnar nand, 2lectrical stimulation

{

ctivates a restricted nuamber 2f motor units synchronously bacaus2 2f the
location of the elactrodes, curcrent aaplitude, and the stimulating
freguency. Tnis may lead to an increased rate of fatigue.

in a voluntacy contraction, the snall fatigue resistant Type I

fibzrs are activazaed first. As more forca is needed, tha rate of firing
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of these units is first increased and if more force is needed, the
larger, more powerful Type II units are recruited. This sequence of
activity is comnonly known as the "size principle of Henneman" (Henneman,
1965). During 2lectrical stimulation, there is a reverse of the "size
principle"” and the Type II fibers are activated first (Appell, 1988).

Th2a Type II fibers are innervated by large diameter axons that have a
ralatively low threshold to elactrical stimulation (Solownonow, Eldraed,
Tyman & Foster, 193l1). Benton, Bakzr and Bowmnan (1931) ties the greatar
rate of fatigue not2d with elactrical stimulation varsus voluntary
activity to th2 synchronous and preferential stimulation of the large
diamatar axons. This increased rate of fatigue was also noted by Currier
and Mann (1983).

Many of the studies cited hava implied that fatigue during a
voluntary muscle contraction is caused by failure at a particular site in
the chain of svents that starts with excitation of the higher motor
centers and culminates with the interaction of actin and myosin.

Howaver, voluntary muscle activity depends upon the proper functioning of
the entire chain and disruption of the chain may occur at one site or at
several sites simultanaously (Bigland-Ritchie, 1381). Because of

variations in the @mocor uilt aczivation satiarn and ch2 range of

(5]

ragaancias used to i{nduca an alacirically stimulatad contraction, the
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Functional Slectrical Stimulation

In addition o the utilizazion of =2lectrical stimalation to pravenc

musclz atcophy and steeagth loss, thare nhas og2n considarable rasearch
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into the us2 of this modality to assist patients in improving fu-ctional
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activities following injuries to the peripheral and central nervous
systems (Baker, Yek, & Wilson, 1979; Liberson, Holmguist, Scott & Dow,
1961; Packman-Braun, 1988:; Solomonow, Eldred, Tyman & Foster, 1981; and
Waters, McNeal & Perry, 1979). Solomonow, et al. (1982) and
Packman-Braun (1988) cite the high rate of muscular fatigue and an
inability to achieve finely gradad contractile tension as the main
drawback to th2 use of electrical stimulation as a functional tool.

Tne Electromyographic Signal as an Indicator of Muscle Fatigue

Changes 1n the 2lectromyographic signal nave been used as an
indicator of muscle fatigue for over twenty years (Browan, Bilotto &
DeLuca, 1935; Gatev, Ivanova & Gantchev, 1985; Horita & Ishiko, 19387;
Kadefors, Kaiser & Petarsen, 1968; Komi & Tesch, 1979; Kranz, Williams,
Cassell, Caddy & Silberstein, 1983; Lindstrom, Magnusson & Peterson,
1970; Mills, 1932; sShochina, Gonen, Vatine, Mahler & Magora, 1986;
Zwarts, Van Weerden & Haenen, 1937). The current literature describes a
slowing of recorded EMG frequencies as a muscle fatigues (Broman, 2t al.,
1985; Horita, et al., 1387; Kranz, &t al., 1983; Zwarts, et al., 13987).
An alternative method for analyzing local muscle fatigue was described by
Hagg (1931). Tais auchor describad a mathod cf counting the numdsr of
zero 2ros3ings of thae EMG signal and postulatad tnhnat a decrease in the
namoz2r of z2ro crossings was indicative of muscla farigua., Inbar, 2T al.
{1931), Masuda, Meyiao and 3adoyama (1282, and Basaajian and DaLuca
{1235) also dascrib2 this m=2tnod of measuring changes in the freguenc
Spectcum Py cdunting z2rd crossings of the BEMG signal. Lindstroan, et al.
(1977) theorizad that the slowing of recorded 2MG freguencies seen in
muscles fatiguad by voluntary activity was du= to a dacreass in the

conduction velocity of the muscla fiozr (sarcolemma). Recent studizs
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agree with Lindstrow's hypothesis (Broman, et al., 1985; Horita & Ishiko,
1987; Komi & Tasch, 1979; Kranz, et al., 1983; 2Zwarts, 2t al., 1987).
These authors speculate that slowdown in the conduction velocity of the
sarcolemna is caused by the accumulation of ms=tabolities -~ especially
lactic acid —- in the muscle. Thes2 authors conclud2 that the decreasad
intracellular pd is mainly responsible for the decrease in the muscle
fiber conduction v=locity. Hagg (1981) theorizes that the dacrease in
conduction velocity is directly related to the decrease in the number of
2200 Ccrossings s»2n in the EMS signal during mascle fatigue. Nitz (1934)
cites the work of Fowler, a2t al. (1972) who speculate that changes in the
ara2a under the negative portion of the compound muscle action potantial
recorded during electromyography are the most accuratz2 instruments to
quantify the number of active muscle fibers during a contraction. A
decrease in the numoer of active fibears results in a decreased area and
may o2 indicative of muscie fatigue.

As tha force of a muscle contraction increasss, thera is a change in
thz type, numbesr and rate of motor units firing. As incr2ased resistance
i3 encountsrad oy a muscle, the forcse of contraction is increased by

aith2r increasing the numder of active motor units or by increasing the
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r2flection of the 2lactrical activity of th2 contractiing masclae and th2
2lactrical activity is datarminad by the numdar of motor units racruited
and tneir firing Ireguency, tna2r2 is a dicect relationsaip datwaen tie
MG signal and che force ganeratad oy the contracting massl: (3zsmajlian &

DzLuca, 1935, 3igland-Ritchie, 1231). Basmajian and D2Luca reviewed the

literacture from 1952 to 1372 and found researchers raportad a linear or
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gquasilinear relationship between force and EMG (Basmajian & DeLuca,
1985). The non~linear component of the force/EMG relationship occurs at
force levels below 20% MVC. The non-linearity may be bacause of the
relative location of the slow-twitch and fast-twitch muscle fibers within
the muscle (Basmajian & D=Luca, 1985). Hultman and Sjoholm (1983)
reported that during a fatiguing electrical stimulation to the human
Juadriceps famoris muscle, the amplitude of the recorded EMG signal and
the muscle force decrzase at the same rate. Although there is
considerable variation bestween muscles, Clamann (1970) suggests that the
majority of fast-twitch muscle fibars are located in the muscle's
surface. Edgarton, et al. (1975) and Johnson, Polgar, Weightman and
Appleton (1973) also reported uneven distribution of fiber types in human
muscles, Saltin and Gollnick (1983) report a tendancy for fast-twitch
muscle fibers to be more superficial, while Anunstrong (1984) -- examining
the rat hindlimb —— also found the fast-twitch fibers to dominats in the
suaperficial areas. Oth2r authors speculate that two joint muscles such
as the rectus femoris may have an increased percentage of fast-twitch
mdascle fio2ars when comparaed with muscles crossing only one joint
(Garrett, Seabecr, Glisson and Riboeck, 1987). Bigland-Ritchie (1981)

133ests than uneven Zioer distrioation may account £or th2 non-llinear

W

ac2 IMG/Zorce ralationship 3t low force levels. Thne snaller Type I

rh

[

az
un1ts, recraized early in a graded contraction, ar2 locatad desp in tha
mascla and would yiald smaller EMG signals because of distance from tha
recording =2lectroda. Tne force leval at which new motor units are
racruitad varies from mascle to muszla., In the Type I dominant first
dorsal interossi and adductor pollicis muscles, all motor units are

racruited by 30 to S04 MVC (Milner-Brown, 3tein & Yeomm, 1973; Stephens &
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Usherwood, 1975). Garnett, 0Q'Donovan, Stephens and Taylor (1373)
reported that only-ﬁast-twitch fibers were recruited past 30% of the MVC
in the mixed fiber type gastrocnemius muscle. I[n the piceps brachii -- a
muscle of mixed Type I and II fibers —- new motor units are recruited up
to 85% MVC (Kukulka & Clamann, 1981). Petrofsky (1982) reported that by
the time a muscle reaches 50% of its MVC, all the motor units are
recruited. Any increase in muscle tension peyond this point is due to
increasad motor unit firing.

The fast-twitch fibers arza larger than the slow-twitch fibers and
produce a higner freguancy f£iring rate and a larger EMG signal amplitude
{Bigland-Ritchie, 1981; Basmahian & D=Luca, 1985). Muscles with a high
proportion of fast-twitch fibers also produce more muscle torque and
fatigue more easily than muscles composad mostly of slow~twitch fibers
(Komi & Tesch, 1979). Thorstensson, Larsson, Tesch and Karlsson (1977)
reported that athletes with a high proportion of Type II muscle fibers
ware able to gensrate wmore torgue than thos2 with Typ2 I dominsnt inuscles
{guadriceps femoris tested). Muscles with high percentages of
fast-twitch fib2rs show a mdore pronounced shiit toward the low freguency
spactcum (recorded witn suriice EMG) during muscle factigue (viitaslo &

Ronl, 1373). OJnc2 chz Zasc-zwiich fibsrs ar2 recruizad, the relationship

1

D2Twa2n Lorce and the sariiza 3MG signal o=comes linear (Bigland-Ritchie,
1331). oods and 3igland-Rizcnie (1933) report that a linear
r2lationsnip peatwasn fsrczz and 243 ozcurs at 30% VS in mascles of aixaa
fiper Tyoe. Tne dacreass in intraca2lluar pd seen during exercise can
causz a da2cre2as2 in th? muscl2 membrans conductivity with a subseguent
dacreass in the coadaction valocity (Jennische, 1832; Orchardson, 1973).

This dacraass in conduction velocity has be2n reported to cause the
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decreasad frequency observed using surfice EMG (Kranz, et al., 1983;
Broman, et al., 1985; Zwarts, =t al., 1987; Horita, et al., 1987), while
Mills (1982) spaculates that as fatigue progresses the fast-twitch fibers
cease to fire, causing the spectral shift. Mills suggests that th2 fast-
and slow-twitch fibers make up different areas of the surfacz2 BEMG
spectrum and as tha fast-twitch fibers fatigue and drop out, the spactrum
slows, Hultman and Sjoholm (1983) speculate that during electrical
stimalation of skeletal muscle, the Type II fibers ceasa firing early in
the contraction (because of tr ir low rasistance to fatigusa) causing a
decreas2 in tn2 amplitude of the EMG signal. Komi and Tesch (1973)
spaculata that musclas with predoninate fast-twitch fiober composition

fatigu= morz rapidly than slow-twitch dominant muscle bacause they

w

produce more lactic acid during comparable muscle activity. Thes
authors report a positive relationship bziween decreasad toryue,
percentage of fast-twitch fibers in the wmuscle, and a shift to lower
frequencies recorded by the surfacs EMG during fatigue. Mills (1932)
ties the shift diractly to metabolic changes in the muscle. Zabric, et
al, (1933) postulates that electrical stimulation 2£ a muscle has a inore
pronounced 2£ffact on fast-twitcn fioers than on slow-twitch components.

23aln Assoc:iacad wiin blacirical 3zimulation

Haloach and Straus (1933) maintain that tn2 nain and disconfort
ass>ciataa witn th2 clinical use of a2lactrical stimalition ara the major
limications to ch2 use of thls aodality {or strength training. Type II
mascle fio2rs are associatad wilh strangth while Type I muscle fioers are
dominant in snaurance activities {(Astrand & Rodanl, 1377). Cabriec, et
al, (1933) reportad that whan 2lectrical stimulation is us2d to increass

muscle strength, tne currant must be of sufficient strangth to produce a
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strong fused tetanic muscle contraction. These authors also showed that
2lectrical stimulation at relatively high intensitizs affect the Type II
fibers more than the Type I fibers. Parker (1986) tied the rapid force
risa seen during electrical stimulation to predominent Type II fiber
activation. Knuttgen (1976) stated that the most effective means of
increasing muscle strength is to exercise at 100% of the MVC and a
minimum of 50% MVC 1s necessary to achieve a training effsct. DevVries
(1930) reports tnat 35% of the MVC is sufficient to reach - training
threshold. Selkowitz (1985) cites the work of Kots, who reportazd using
electrical stimalation at 30s greater than an individual's MVC to achieve
strength gains, Kots reportad no pain with stimulation of this magnitude
(Kram=r, 1987). Owens and Malone (1983) reported subject discomfort
while traiining their subjects at 50% of their MVC and Currier and Mann
(1983) reported unpleasantness. These authors also notad than when
voluntary muscle activity was suparimposad upon the electrically
stimulatad activity, the discomfort decreases. These studies usad a
2,500 Hz carrier fraquency modulatad at 30 bursts. Using a similar
current, Laughman, =2t al. (1933) reportaed no pain in patients being
trzatad for patallofamoral problems. Howavar, the patients wer:z only
o2ing szimalaze2d o 33% of their MyZ., Caoric, =2t al. (1233), stimalazing

Kin discomionre waz2n using 2,500 Hz
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Rramar (1837) ra2portad increasad skin sensitivity at lowar fraguancies
120 Hz). HcMixen (1233) reported licttle or no pain in subjects
stimaulazad at 305 HMVC (at 70 dz). vodovnik, et al. (1963) and
Crochatieres, =2t zl. {(1357) fouand that theay could affect subjects' pain

p2reeption by vacying tne fraguency of the elactrical stinulator.
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Vodovnik, et al. (1965) report=d a decrease in pain perception with
frequencies greater than 500 Hz when a sinusoidal wave form was utilized,
while Crochetiere -- using a sguare wave — found fraquencies about 300
Hz to be most confortable. Kots suggested that 2,200 to 2,500 Hz
modulatad current has an anaesthetic effect on the skin and this allows a
nore intense wotor stimulation (XKramer, 1987). Maximal muscle force has
b2en shown to occur at stimulation frequancies ranging from 70 to 90 Hz
(BEdwards, Yound, Hosking & Jones, 1377; Morano-Aranda & Seireg, 193l).
Strength cGuration curves have been used to demonstrate selective
stimulation of sensory,jmotor, and pain fibers. By adjusting the pulse
duration of the stimulating current, specific neurological responses can
ba targeted (Alon, 1987). The peripheral nerves are classified according
to their conduction velocity (Li & Bak, 1976). The thinly myelinated
A-delta fioars and the unmyelinated "C" affsrents ars thought to conduct
painful stimuli (Perl, 1968; Collins, Nulsen & Randt, 1960). Higher
freguency electrical stimulation is also useful in decreasing impadance
to current flow (=g, 2500-4000 Hz). The higher the freguency, the lower
tn2 tissu2 impedance. Thase higher fraguencies facilitate current flow
across the electroda-skin interface {Zook, 1987). The greater the skin
£2313%ance, ne more suparficzial (less o2:netrating) the stimulation.
3inc: wotor Iibers ar2 ganerally locatad de2p2r than p2in sensitive

fioers (Da3iravdi, S2avornz & Goalet, 1234; Malzak, 1975), highar

h
1%

fragusncy stimulaction may decrzasa the activity of pain fioers (Alon,

Muscle Sorzness Assdociatad with Exercisa

Individuals engaged in unaccustom2d exercise or when rasuming

raining after a layoff from training, sften experience muscle pain. The
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pain is of two types and results fron different etiologies. Acute muscle
soreness experienced during or immediately after vigorous exercise is
thought to be due to muscular ischemia (Francis, 1983). With ischemia,
the usually diffusaple end products of exercise (lactic acid and
potassium in particular) accumulate and arz thought to stimulate pain
receptors in th2 muscle. Francis further states tnat this soreness is
not long lasting and begins to subside as soon as the ischemic condition
is resolved. A second typs of muscle sorsnass frequently occurs 24 to 48
hours after an exercise bout. Tnhis type of sorena2ss is often referred to
as "d=layed muscle sorsness."  Garrett (1985) credits Hough (1902) witn
first describing and investigating this phenom2non. He raported that
this condition was associated with high intensity exercise and that
sudden contractions or jerking motions wers associatad with the dalayad
onset of muscle soreness. Later studies by Asmussen (1956) and Abraham
(1377) are in agreement with the work of Hough (Francis, 1983: Garrett,
1935). Abraham (1977) reports increasad levels of nydroxyprolin2 in the
urine of individuals suffering delay=d muscle soreness. Hydroxyproline
is a componant of collagen and high levals of this amino acid in the
arine havz baen raportad to indicatzs ths rate of collagen braakdown

23,. 3chwan2, Wwaizous, Joanson and Armstrong (1333) reporad

ut2:

[¢]

Zhat aign levals of Dlood lactic atid -~ thought to o2 a cause of a
mussla sdc2n2ss during and following 2x2rsise -- are not relatad to
d2layad masci2 soraness. Witn delayad mascle soraness, the majority of

micrascopic changas ndtad in tn2 muscle fioz2es are in tha Typ2 II fibers
(Friden, Sjostron & Bxdblom, 1981). The graatest amount of dalay2d muscle
SOr2n2s5 15 assoziated with 2ccentric 2xz2rcisz (Francis, 1933). HcCully

and Faulxknar (1235) hnave damonstritad that intense accentric exarcise
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causes sevare muscle damage while isometric and isokinetic exercisa do
not. Cote, et al. (1938) confirm this observation and state that damage
dona to the muscle fibers during the eccentric phase of muscle
contractions is responsible for the observed muscle soreness.

Summary

Muscle fatigue is a complex process; the cause of which has been
d2bated for many years. Researchars have attempted to isolate a specific
cause of inuscle fatigue without consensus. Recent studies indicats that
muscla fatigue induced by voluntary activity may be caused by events that
occur simultaneously ofjin succession fron the initiation of muscle
activity in the brain to the interaction of actin and myosin at the
cellular leval. Duaring a voluntary muscle contraction, thers i3
asynchronous motor unit activity which reduces th2 rate of muscle
fatigue. Howevar, during the electrical stimulation of mus:les a
syncaronous contraction is obsarved. This synchronous motor unit
activity hastens the ratas of muscle fatigue and may limit the use of this
modality as a training device., 1In addition to the increased rate of
muscle fatigue raportad during electrically induced muscle contractions,
the pain asscciated with electrical stimalation has limited tha clinical
Jgs2 9L this modzlity. Several resaearchars hava reported that oy
manipulating tna2 freguency of the stimulator, a supject's piain perception
can D2 alctecad.

Muscla fatigus has oea2n tia2d to dacrzasas in torgue production as
w2ll as changes in the activity of surface EM3. Durcing prolonged maximal
mdscle contractions, thera ar2 changes in botn torque production and in
th2 cecorded EMG activity. These changes have been tied to the typ2 and

nunoer of motor units activatad as fatigua occurs. Researchers nava
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guantified these changes by using torgue curves, counting zero crossings
of the EMG signals, and by measuring the area undar the negative

defiection of the EMG curve.




CHAPTER 3
METHODS AND PROCEDURES
'This chapter describes the procedures involved in the present
study. The sections included are: (a) subjects, (b) procedures, and
(c) statistical analysis.
SUBJECTS

Salaction of Subjects

The racruitment of subjects for this study began in February,
1988. Tha recruitment consisted of visiting classes and explaining
the exparimental procééure and asking interestad individuals to
volunteer., Pamphlets reguesting volunteers were also placed in
student mailboxes. The majority of the subjezts were drawn froin the
junior and senior classes of the Departmant of Physical Therapy and
the Departmant of Health, Physical Education and Recreation at the
University of Kentucky. All subjects were informed of tha testing
procedures, purpose of the study, and risk factors of the study bafors
giving written consent. The study and consent form ware approved by
the 3i1om2dizal Human Invastigations Review Committee (Appandix A).
Twenty-2ight voluntears participated in tha study. Onz subject was
dronp2d £rom tna study wh2a sh2 was unanle to tolerats electrical
stimalaztion a1 the raguirad amplicude. Sudjects rangad in age from 13
to 35 y2ars, and had a m2an h2ighz of 176.5 cm.; and m=2an w2ight of
71.5 k3. Taol2 1 displays damographic data., Each subject received
twanty-five dollars after complation of the study. Funds ware
ovtained from a grant from th2 Kentucky Chapter of the Ame2rican

Physical Therapy Association.
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Table 1

Demographic Data of Subjects Who Participatad i1n This Research Project

34

Weight Height Age
(kg) (cm) (yrs)

% 71.5 176 22
3D 9.6 7.5 2.2
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PROCEDURE

Tnis study was carried out in two phases. Phasz2 I determined tne
combination(s) of obursts and carrier frequencies during electrical

stimulation that satisfied the following criteria:

1. Produced an equivalent of 50% of 2ach subject's maximum
voluntary contraction (MvC), and
2. Produced the least amount of discomfort in subjects being

stimulatad at 50% of their MVC,

Fulfiliment of these combinad conditions is considzred the
optimum for clinical electrical stimulation. Pnas2 II, using
information avout optimun freguancy obtained in Phase I, daterminad
the effect of incrementing the current amplitude on muscle fatigue and
torgue production. The current amplitude of the electrical
stimulation was incremented after avery ssries of two muascle
contractions. The periodic incrementation of current amplitude iz an
acceptad clinizal practice in physical therapy bu:s its effsct on
mascla contraction and parionmmance has not v22n Jocumnented in on2
literatura,

Phas2 I

Familiarizazion 32ssion. Suodjects particinazad in a

familiarization session td> reduca the effact of l2arning on tast
scores. At that tim=2, suojects' h2ight, weight, s2x, and age wars2
racorded. Edwards et al, (1977) reported that the force of a MVC of

the quadriceps famoris muscla was proportional to a supject's pod
g P J
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waight (r = .92). Thes2 authors predicted a "normal" MVC to be 75% of
pody weight and that the "lower limit of normal" (the third
percentile) was 50% body weight. The results of female subjects fell
close to the male values. Hultman et al. (1983) and Edwards (1984)
also reported a linear relationship between body waight and the MVC of
the kn2e extensors. Any subject whos2 MVC was not within 75% of their
body w2ight was aliminated from this study. This screening was to
ensure tnit supjects ware sufficiently mocivated to participate.

The suoject's maximum isom2zric knee extensor torgue (the highest
torque reading of tnre; repetitions was us2d as th2 maximun) was
determined using the Cybex isokinetic dynamomater, 50% of this ‘waxiium
was usad as a target torgue during electrical stimulation. Thesa
values were determined during the familiarization session and used
throughout the remainder of this study. The isometric knees extensor
torqua was racordad using a Cypex II isokinetic dynamometar (Cybex
Division of Lum2x, Inc., Ronkonkoma, New York 11779) sat at 0©
angular velocity (Figur= 1). The dynamometer was calibrated per
manufacturar's instructions obefore th2 expariment bagan. Kramar
(1937) reportad that the raliability of the Cywbex II varied batwesan

caae
-C23tesc

o
]
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o

.93 and .33, wnila Clarkson =2t al, (1982) reported
raliaoilicy of the Cybex II wo oe r = ,37. A damp s2tting of 3 was
usad caroughout tnis study. Damping modifies ovarshoot and
oscitiliation Of tne racording stylus by siowing the stylus rasponsa.
Damping thus providas a smoother recording of tha torgue production
(Bamden, Grump and Massay, 1983). Suojects were seatad in the test
chair with their hips ext2nded to 120° and the kn2e of their left

lowar extramity flexad to 60° (Figure 2). This position was usad to




Figure 1 - Cypoex II isokinetic dynamometer and dual channel recorder.
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Figure 2 - Subject seated with the l=ft knee secured at 60° flexion.
The dynamomztar is in the isom2tric mode (0%/sec) and the

surface electrode is in placa.
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maximize the 1lsometric knee exiansocr torgue (Currier, 1977, 1979,

1982; Clarke and Bailey, 195); Clarke, Elkins and Martin, 1950). Body

stabilization was provided by a lap seat oelt and a back support. The

axis of rotation of thaz Cybex II dynamomaeter was adjusted to the

anatomical axis of the knee joint and the angle of flexion of the kneae

and hip was measured manually using a manual goniomater. The levar

arm of the Cybex II was kept consistent for each supjact by placing

tn2 inferior oorde2r of the ankla pad immediat:ly superior to tha

m2dial malleolus (Epler, Nawoczenski, Englehardr, 1933) (Figure 3).

Tha Cybex II dual channel recordar was used to record th2 torgua
generatad by the knee extensors (Figure 1).

Following tha torque m2asurement(s) taken during the
fimiliarization session, =2ach subject was given sufficient time to

familiarize himsalf with the Electrostim 180-2i high intensity

alectrical stimulation unit (Figure 4). The Electrostim 180-21 uses

surfaca alacirodas. Twd 12.5 X 8 centimeter electrodes sarvad as the

sctimulating electrodes during the study (Figure 3). Dne alectrode was
placad ovar tn2 vas:ius medialis muscle 4 centimetars proximal to che

madial o tha madial

<

3122rior Dordar 3% zThe natalla and slightly
othar 2lectrddz was plac23d on n2 skin

usclz on the wuddle cne-ctnird of its muscl2
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Th2 caroon-silicone elecirodas wara sa2paratad from

i s»pong2s which s2rved as zoupling madia. Tha

fizxioilizy of thasae 2lectrodas assurad total contact with tha muscle
33 it Changad 3nan2 during the 2l2ctrically stimulacad conctraction.
rodas ware h2ld in placa py 2lastic straps. Prior to

™h2 2lacTt

e

stimulazion, the =2l2ctcode impedince was recorded to Last the guality




Figure 3 - The ankle pad of the Cyoex II was placed immediately
suparior to the medial malleolus to assure a consistent

lever arm length.
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Figure 4 — 'The Eleccrostim 180-21i High Intensity Electrical

Stimulation Unit.
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~ Supject's left thigh with two 12.5 x 8 centimeter electrodes

in place.
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of the electrode attachment and skin preparation. An autogen 1700
biofeedback device was used to test impadance and an impedance level of
less than 50,000 ohms wias considered arbitrarily acceptable to proceed
with the electrical stimulation testing (Autogen 1700 testing manual).
The Electrostim 1380-2i high intensity elzctrical stimulation unit
delivered 15 seconds of electrical stimulation in the form of bursts that
were repeated at 50Hz, 70Hz, and 90Hz. The 15 seconds electrical
stimulatich had 3 ramp on time of 3 seconds and maintainad a pe2ak
amplitude (pulse charge) for 12 seconds. The current amplitude (pulse
charga = pulse amplituds x duracion) or current was abruptly stopped
following the 15 seconds of stimulation (0 ramp off) and a 50-second rest
period (interburst interval) followed. This 1:3 on/off ratio was
maintained throughout the exparimental protocol. The shape of each pulse
witnin the bursts was a sine wave which repeated at a rate of 2,500Hz,
5,000Hz or 10,000Hz (carrizr freguencies) (Figura 6). Subdbjects wara
encouragad during tha familiarization sassion to volitionally contract
thelr quadriceps femoris muscles wich an intansity sufficiant to produce
the eguivalent of 50% of their maximal #n22 extansor torgu2 and wara tald

hat this would be tnhe l2val of szinulazion they woald rec2iv2 during tn2
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minimiz2 any learning associaczad wizn th
th2 suojects to 2a2xparianca a variazy of s:iimulazing frazusncies.
Sunjects wara iastruccad to cefrain Zron volunzarily conirazting the
guadriceps famoris muscle when ©2ing 2lectrically stimulated (torguas

2d for

ct

wara monitorad by the Cyoex Jdynamomatar). Sudjelss war2 ndoL tas
torgue until they indicated that thay f21lt accustaned to the 2lectrically

induced contraction. Individual suojects producaed graater or less than
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Figure 6 - {(a) An example of the 50 Hz burst mode and 2,500 Hz carcier
fraguency during a 15 second stimulation followed by 50
seconds of rest a three second ramp on time is uctilized.
(o) The 50 Hz burst modz

(c) Sine wave
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50% of thelr maximum torque during the familiarization session
depending on individual adjustment to electrical stimulation.

Howaver, 50% of the maximum torque was a target and minimum acceptable
score during th2 exparimental phase of this study. Since changes in
the charicteristics of the electromyographic (EMG) signal wer2 usad to
quantify the fatigue of the guadriceps femoris muscle following
stimulation, an EMG was taken during the familiarization session to
introduce each subject to this procedure.

Exparimental sessions, -

Following the familiarization session, there were three
exparimantal sessions during Phase I.

During each of thesa threa experimental sessions, 2ach subject
randomly received one of three predetarmined pburst fregquencies (50;
70; or 30Hz) combinad with a randomly chosen carrier freguency (2,500,
5,000, or 10,000Hz). Comphinations wera determined using random numbar
tables, Each subject received a saries of ten elactrical stimulations
at an amplitude sufficient to produce approximately 50% of their
maximyn voluntary torgua as m2asuarad on the first contraction., This
uniform amplituds of 2leczrical s:timuzlation was chosan so that the
amount of muscla fazigus (Torgue decramant/elactrically indacad
contraction) with 2ach currant comdoination could oe dataranined, The
numoer of milliamperas n2cassary o produca 30% of =2ach sudjact's MVE
at each freguancy comoination was recorded. Following a five-minuce
r2s5C p2r1od, =2ach sudj2st recaived anotnar elactrizcal stimulation bout
using a randomized compoination of carriar and ourst freguency and th2

frequency-torque~fitigu2 relationship was again determined oy

]
[
w
rt

a3s2s8sing the racoraed torgue curves., During the five-minuta
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period, subjects were encouraged to walk around the Physical Therapy
Research Lab or to actively flax and extend their knse several times
while seatad. McArdle, Katch and Katch (1986) reported that mild
exercise during rest periocds results in faster removal of lactic acid
from exarcised muscles (active recovery). Bigland-Ritchie's, et al.
(1986) data show that a five-minute rest pariod is adequate to recover
froa fatique during electrical stimulation. Baswiajian and Deluca
(1985) and Harris (1931) also report that 4 to 5 minutaes of rest are
adaquate amounts of tim2 to vacovacr from a bout of localized muscle
fatigue. Much longer p=riods of :time are neaded by subjects
undergoing exercise to racover from systemic fatigue since large
amounts of lactate would pe present in the overall circulatory system
(Sahlin, 1973). During the pariod of time of the localized muscle
fatigu2 induced in this expariment, th2 increased lactate was expected
to be primarity involvad in the guadriceps femoris muscle and
conssguently a five-minuta rast patwean bouts was considarad to be
sufficient for complata racovary from fatigue., During the courss of
three tr2atment sessions, 2ach supbjact axparienced all nins
combinations of :the oradsczarmnined darscs and carriar freguencias.

Imazsdiacaly faollowing th2 tanth contraczzion {s:timulation inducad)
of 2acn comoination of 2lactrizal stimalatisn, the swojact ratad wn2
pain p2rception using 2 visual analog scala (VAS). A ten-centimetar
vartically oriantad VAS was usad. Zach scila was drawn on a plain
white 7.5 x 12.7 cm (3 x 53 iaca) card. Sudjects wJare askad to rate
th2 pain or discomfort associatad with tha stimulazion b2tween the
axtremas of "no pain" and "pain as bad as it could pe"., The

ooundaries of the tan-centimetar scals wara da2fined oy a one




centimetar line (Scott and Huskisson, 1976; Huskisson, 1983).
(Figure 7).

Adequate time (3-5 minutes) for warm-up was afforded each subject
prior to each expsrimental session and consisted of =ach individual
steatching his or her guadriceps famoris, hamstring and
gastrocnamius-soleus muscle groups.

EMS Rzcordings.

Prior to the bout of 10 electrically stimulatad musclse
contractions, a 1 second surface electromyograpn (EMG) of the
quaariceps famoris muscle was taken in preference to using needle or
fina wire electrodes which may cause intensive pain during high force
nuscle contractions (Gatev, et al. 1986). The pain associatad with
fine wire and n2edle electrodas also may effect tha firing pattern of
motor units (Datta and Stephens, 1981; Hennerz and Grimoy, 1979).

Six EM3's wer2 taken during each exparimental session. Tha
recording electrodes were placed over the vastus madialis muscla (5
centimaters) above tha base of the patella and slightly medial to cthe
m2dial dorder 5f the patalla, Tha skin of =2:ch subject was markad to
13sur2 conslstant suriace alacirods placameni during th2 rap2atad
ZMG's necessary daring each exparimental session (Figurs 3).
Racording 2lectrodas ware plazad on th2 same s<kin location, s> that
the sam2 population of wotor uniis wara o2ing r2corded. Thes2 axact

w

lecteode placaments allowad comparison of pre- and post-axercise BEMG

ignals (Mills, 1332). The EMG signal is dapandant upon the Aistiance

[0}

ct
1A

N2 surface 2lactrodes are £rom the active muscle fibers. Any change
in muscla volun2 or displacemant of the muscle under the skin could

cau3s2 variazions in the EMG signal (Peres and Maton, 1387). Since
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Figure 7 - Vertically oriented visual analog scale.

PAIN AS BAD AS IT COULD BE

NO PAIN
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changes in muscle length can also affect surface EMG signals (Okada,
1987) joint angle positioning was constantly monitored for consistency
using goniometry. The Cadwell 5200-A was used to racord tha EMG
signals (Cadwell Laboratories, Inc., Kennewick, Washington 99336).
This BEMG unit allowed the recording of a visual reprasentation of the
surface EMG signal during poth prae- and post-muscle stimulation. A 60
cycle notceh filter was usad to elimlnate 60dz power lin2 noise. The
nigh cut filter was sa2t at 10,000 Hz and the low cut filtar was sat at
100 Hz as rzxcommz2ndad oy the manufacturar. A swea2p sp2ed of 20
milliseconds p2r division of the oscilloscope grid was used throughout
tha exarimental protocol, as was an amplifier gain of 500uv. A car
electrode containing two 1 centimeter diameter recording matal discs
placed 3 centimaters apart was usad to record the EMG signal. Leads
fron tha bar electrodas ware plugged into the pr2-amplifisr of tn2 BMG
unit. Nitz (1984) and Fowlar, et al., (1972) reportad that the ar=a
under th2 negative portion of th2 compound muscle action potential

v

MAP) 1s an accurata2 mathod of assassing tha ralative activity of a
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approach of incremanting stimulus intensity has on fatigue (Note:
Recordad torque with each muscle contraction that is electrically
induced decreasas in amplitude or Nawton-mzters because of fatigue.
The actual stimulus was therefore incremented after every two induced
contractions to maintain 50% of MVC torque). Each subject received
ten stimulations at the chosen frequency and the amplitudz wis
increasad after wevery two electrically induced contractions. There
ware 3 increments of amplitude during this procedure. Pre- and
POSt—EMG signals ware recorded as in Phasz I.

Data Analysis.

Following Phas2 I, a Pearson's corralation coefficient was run to
datermina tha relationship batw2en pbody weight and maximal isometric
torgue production. Descriptive data ware utilized to ensure that
suojects MVC vs. pody waight wera within normal limits ("normal” MVC

is considered to o2 at least 75% of opody weight, Bdwards, 1377).

Torqua/freguancy graphs ware analyzed to datarmine the optimal

[on

freguancy comolnation that produced 530% of a subjact's MVC and the VAS

w25 usa2d oo find tn2 comoinazion razad most conforzadnls oy 2ach

sunjacT. A TWo-way ANDVA wiza rapsazad m2asuirzas (ourscs and carrier
fragi2ncy) was us2d o analvza Tn2 dazta.  Th2 incazaczion 2% purs:ts

and carrievy Iraza2ncy o0 2210, Iorzue, M3 cnarses, and milliamperage

n:2I23saTy O 2£03us2 50% oI 2 3upnject's MVE ware analyvzed using a 345
3Tazistical Dpackaza., I tne "PY valu2 2f Cn2 ANDVL was signiiicant

and cthnara Wwas N2 inz2racilon o2cwa2n varianles, a Dunzan D23t hoc
1nalysis was usa2d oo fuvoner Zififeranfiate the daza.  The changaes in

torgu2 and 243 following s:zimulation wa2r2 condarzad using 3 t-Iest.




Tne Phasa II data wera analyzed using a frequency distribution to
datemmine which combination of bursts and carrier freguency was
prefarred by each subject. Descriptive statistics were used to
analyz2 the percentage increas:2 in milliamparage nzcessary to maintain
50% of a subject's MVC. A dependent t-test was utilized to analyze
the differences in Phase I and [I EMG changes when stimulating at the
prefarred freaquancy conbinations (Recall that Phasz I used a constant
milllampzrage during th2 ten stimulations, wnile in Phase IT the
milliampaeraga wis incr?ased 5 times during the ten stimulations). A

significanca leval of .05 wis usad throughout this study.

57




Chapter 4
RESULTS AND DISCUSSION
This chapter vegins with a statistical analysis of the results of
this study and concludes with a discussion of thess results. In the
discussion saction, the author will tie the results of this study to
pravious works and attempt to explain any unusual findings.

The ra2sults are divided into the categori~s Phas2 I and Pnas2 II.

Phas2 I 1s suobdivided into five sections and covars tha followlng

Ar243:
torgu=
carrier frequencies;
compinations of electrical current
{4) the milliamperige necessary to
various compinations of electrical

freguencies; and (5) the subject's

comninations of 2lectrical current

Pnas2 II is divided into threa

millizaperaza n2z23s2zy
coOL12IioN 22820 1d3:C
r2c2ived
f2007is maszla az

tn21r oreiarrad

section, (3), analyzes the Jiffevs

wnan stimilating 4t 2a8n sunjaci's

Phasa I

10 eleczcically inducad contractiions of

(1) body weight and maximal torque production; (2) changes in
following various compinations of electrical current bursts and

(3} changes in the EMG signal following various

bursts and carrizsr frequencies;
produce 50% of a subject's MVC ac
current bursts and carrier

rating of pain at th= various
oursts and carrizr freguencies.

sactions. 3ection (1) analyzes

T2 Jguadriceos

Tne final

1A}

agJdancy coadination.

c23 In Phas2 I and II 884G changes

‘0
L]

2farred fraguency comoination.

- 3ody W2i3nt and ilaximal Torgue Production

ALl of tha suniacts participat

in3 in this study were anle to
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g2nerate a maximum isometcic torque on the Cybax II dynamamater Of at
least 75% of tn2ir body weight (Appendix B). The maximal torgue ranged
from 75 o 112% pody weight in which Pearson product mowmaent of r = ,736
was significant at p = .00l (Figure 8).

Changes in Torque During the Nine Combinations of Bursts and Carrier

Effguency

A t-test revealad a significant decrease in torgue production
following electrical stimulation whan all nine combinations of electrical
current bursts and carrier frequencies were linked. The mean decrease in
torqua was 31.3 N.m (SEM = 1.05) and scores ranged from a maximal
decrease of 35.2 N.m (SEM = 4.19) at 70 bursts combined with a 2,500 Hz
carrier frequency to a 23.2 N.m (SEM = 2,56) decreas2 in torgue at 50
bursts combined with a 10,000 Hz carrier freguency (Tables 2 and 3).
Figure 9 gives a graphic raprasentation of these findings. The decreasa
in torgue production following electrical stimulacion was statistically

significant (t = 30.15, < .D0001) when all combinations ware linked or

l'o

wha2n comoinations ware vieawed individually (Taplas 2 and 3). Wnen the
Jecraase in torgque was normalized {(pre-s:zimalation torgus minus

DOsI-stimalation Torgue, dividad oy the pra-stimalation torgu2), the m2an

s}

Dercentags Jd2cr2as2 in torgue for all comoinations of ours: and carrier
fragaency was 30.3% (324 = .2) (Taole 4). Aan ANOVA ravaals that oursts
53, 73, 30 Hz, did not significancly influ2nce cthe decreas2 in torqua

(F = 1,20, = ,3042), ouz th2 carrier fragusncy had a significant impact

I
i
',_

12,05, 2 = .,201), (Taola 5). A Dunzan post hoc anialysis shows no
significant differance in tne pursts (Taole 3), dut a significantly

jraacaer loss of torgus whan a car

[AY

r-
{©

¢ freguency of 2,500 dz




Figure 8 - Correlation between subjects body waight (kg) and force
produced (N). Pearson's product moment of r — .736 was

sijnificant at p = .00l.

60




61

001

(6y) LH91AM AQO9

 {

LZ =N O O
XZL'9 + £L°9/1 =A

100" =d ‘g¢g/" =4
O

a0 0O
o 228

@08 Y

O

@ .

G6 06 G8 08 G4 0L 69 09 GS 06

0SY
08V
0LS
ovS
04S
009
0¢9
039
069
0cL
0G/Z
08L
OL8

(N) 30404



62

Table 2

t-Test (Pre VS Post Stimulation) for Torque Changas (N.m) Following

Nine Compinations of Bursts and Carrier Frequency

Source N X SEM C P
Decreasa 243 -31.8 1.05 30.15 0.0001
Torgu=




Table 3

t-Test (Pre VS Post Stimulation) for Toryue Changes (N.m) at Individual

Comblinations of Bursts and Carrier Frequencias

Burst/Carrier N X SEM t p

Fregquency

50/2,500 27 34.5 3.2 10.82 0.0001
53/5,000 27 33.3 3.1 10.78 0.0001
50/13,000 27 23.2 2.6 9.03 0.0001
73/2,3500 27 36.2 4.2 8.54 0.0001
70/5,000 27 34.95 2.9 12.03 0.0001
73/10,000 27 24.2 2.6 9.12 0.0001
90/2,500 27 34.5 3.1 11.12 0.0001
99/5,009 27 34.6 3.3 10.57 0.0001
92/19,002 27 3.1 2.5 12.19 0.0701




Figure 9 -

Graphic representation of opurst moda (50, 70, 90 Hz) and
carrier frequency (2,500, 5,000, 10,000 Hz) to the torque

decremant (N.m).
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Table 4

Normalized Torgue Change (Pre VS Post Stimulation) Following Nine

Compinations of Bursts and Carrier Fraquencies

Source N if

SEM

Normzalized 243 -30.3%
Torqu=
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Table 5

ANOVA (bursts vs carrier frequencies) for Torgue Change (N.m) Pre VS

Post Stimulation

Source df 55 F p

Modal 34 31499.1 5.68 0.0001*

Error 203 33934.9 lean Torgue decrease = 31.8 N.m

Burst 2 390.5 1.20 0.3042A

Carrier Freguancy 2 3931.5 12.05 0.0001*

Burst*Carrier 4 680.7 1.04 0.38504
Fraquency

A = non-significant

* A Duncan post hoc tast revealad a significant difference batween
10,000 Hz and 2,500 or 5,000 Hz carrier, but no significant
difference pbeuwzen 2,500 Hz or 5,000 Hz.




(X = 35.1) or 5,000 Hz (X = 34.2) were used as comparad to 10,000 Hz

|
1]

26.1), (Taple 5). Thers was no significant difference between
the 2,500 and 5,000 Hz carrier frequencies. Figure 9 shows a trend of
increasing torgue loss as the purst mode is increased, and A revers2
of this trend, as the carrier frequency is increasad. Figure 10
depicts the combined 2ffect of bursts and carrier freguency on

torque.  Figure 11 shows that when the pburst mode 13 held constant,
th2r2 is a decreas2 in thz magnitude of torqua decrament 3is the
carrier fraguency is increzasead.

Changdes in the Area Under the Negative Deilection of the BEMG Curve

During the Nins Combinations of Bursts and Carrier Fragquency.

A t—-test ravealad a significant decraase in th2 area under thes
nagative deflection of the EMG curve wnen all nine compinations of
burst and carrier fraguency were linked. Th2 decreass was
statistically significant (E = 11.54, P = .J001). The m2an decraase
was 33,3 mm2 (3EM = 5.1) and ranged from a maximum of 83.7 mm2 at 70
oursts comoined with a 2,500 Hz carrier freguency ©o 26.2 mm2 az 50
oi1rs5ts and a 1D,00) Hz carrier freguency (Tavles 5 and 7). A graphi:z
£2022321731101 oI th2 comoinad affact 5f nin2 comdinations of oursis
arri2r 7234218128 02 Tne chang2 in ar2a undar tha na2zativa
3281222101 22 tn2 BM5 curve ara showa 1In Figure 12. inen the data
o2 nornalizad (pra-stinulition ZMG Are2a miaus HdsI-stinuliation 2943
arxa Jdivided oy the pre-siimuiation ava2a), cha overall m2an parcenzag:
d22reasa in 214G arza was 25.3% (Taol2 3). Tne ANOVA raveals a
sTatisticaliy signifizant int2caction o2twaan vurst and carrciar

a2ncias (Fo= 2,61, P = .0334) and cherafore cha Duncan poOst 10C¢

fra

oL

ta2st could not o2 utilized to further differantiate the daza
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Figure 10 - influence of the combined effect of burst mode (Hz) and

carrier frequency (Hz) on torguz (N.m).
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Figure 11 - When burst mode is held constant, the decreass
magnitude of torque decrement decreases as the

fraquency (2,500, 5,000, 190,000 Hz) increases.

in the

carrier
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Tablae 6

t-Test (Pre VS Post Stimulation) for EMG Changes (mm2) Following Nine

Combinations of Bursts and Carrier Frequencies

Source N X SEM C P

Decreasa 243 53.3 5.1 11.54 0.0001
EMG




Table 7

t-Tast (Pra VS Post Stimulation) for EMG Cnange (mm2) at Individual

Combinations of Bursts and Carrier Frequencies

Burst/Carrier N X SEM t P
Fregquency

50/2,500 27 73.2 12.7 5.78 0.0001*
50/5,000 27 53.4 15.2 3.85 0.0007*
50,/10,000 27 . 28.3 11.9 2.20 0.0371%
72/2 500 27 83.7 14.7 5.69 0.0001*
70/5,000 27 43.9 12.6 3.95 0.0005*
70/193,000 27 4.1 14.7 3.01 0.0057*
90/2,500 27 80.1 138.7 4.28 0.0002*
99/5,000 27 27.1 15.6 1.63 0.1147A
30/10,000 27 32.0 15.1 5.44 0.0001*

A = non-significant

* s1gnificant aZ p = .05
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Figure 12 - Graphic representation of the affect of the nine
combinations of ourst mode (50, 70, 90 Hz) and carrier

frequency (2,500, 5,000, 10,000 Hz) on the area under the

nagative deflection of the EMG curve.
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Table 8

Nommnalized (%) EMG Changes (Pre VS Post Stimulation) Following Nine

Comoinations of Bursts and Carrier Frequencies

Source N X SEM

Normalized 243 -25.3% 3.8%

EMG
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(Table 9). Figure 13 reveals a pattern of decreased loss of area
under the negative deflection of the EMG curve as the carrier
frequency increases in both the 50 Hz and 70 Hz burst modas. However,
this pattern doas not hold for the 90 Hz burst mode. There is a
decr2ase in the loss of areza under the compound action curves in the
90 Hz burst mode as the carrier freguency is increased from 2,500 Hz
to 5,000 Hz, put the 90 pburst/10,000 Hz carrier frequency preaks from
this trend and shows 3 markad increas2 in EMSG loss,

The Amount of Milliamperage Necessary to Produca 50% of a Subject's

MVC at Various Complinations of Bursts and Carrier Freguency.

An ANOVA was used to analyze these data. Again, as with torgue
and EMG, the pburst mods nad no significant influencs on the amount of
mA n2aded for each supject to produce 50% of his MVC (E_= 0.33, p =
.722%6) (Tapble 10). The carrier was statistically significant (E =
29.3, p = .0001), {(Taple 10). The Duncan post hoc analysis show=2d no
significant difference in the mean milliamperag2 when the burst mode

wis tested (Tanls 10). Howavar, tn2 Duncan test ravealed a

sijgnificant differance in the m2an mailliamperag2 at all chres carvriar
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Llznoiagn N2t szatiszically sigarfizanc, tn2r2 appears o D2 a trend of
dacr=2as2d ma 25 Tha ourst ndd2 1acreasaes {(Fijur2 14).  Overall a mean
milliamparage 22 32.3 was reguived., Th2 mi rangad froam 2 maximal m2an
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Table 9

ANOVA (Burst VS Carrier Frequency) for EMG Changes (mml) Pre V3 Post

Stimulation

79

Source df S5 F P
Mod=l 34 409355.1 2.29 0.0002
Error 208 1092272.1 Mean decrease EMG = 53.3 mn2
Bursc 2 4547.8 0.43 0.64913
Carriar Fraguency -2 53365.3 5.08 0.0079
Bursc*larrier 4 54924.3 2.61 0.0364R

raquency

non~-significantc

a significant interaccion

petween burst mode and carrier fraguancy




Figure 13 - Pattern of decreasad loss of area under the negative

deflection of the EMG curve at various combinations of

bursts and carrier frequencies.
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Table 10

ANOVA (Burst VS Carrier Frequency) for the Me2an Milliamperage Necessary

to Attain 50% MVC

Source df SS F P

Moda1l 34 30333.7 22.16 0.0001

Brror 203 Mean A = 32.9

Burst 2 26.20 0.33 0.7226A

Carrier Freguency 2 23646.5 233.562 0.00013

Burst*Carrier 4 13.13 0.11 0.9780A
Freguency

A -

non-significant

w
1

A Duncan post hoc tast ravealed a significant diffarence among all
threa carrier freguencies
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Figur= 14 - Relationship between burst mode (Hz) and carrier fregquency

(Hz) to the mean milliampsrage necessary to attain 50% MVC.
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frequency to a low of 19.3 mA required at 90 bursts and a 10,000 Hz
carrier frequency (Table 11). The ralationship of the combined bursts
and carrier frequencies is illustrated in Figure 15.

Subjective Rating of Pain at the Nine Combinations of Bursts and

Carrier Freguencles.

An ANOVA discloses thit both bursts (50, 70, 90 Hz) and carrier
freqguencies (2,500, 5,000, 10,000 Hz) sigaificantly influenced the
subjectiva pain rating (Table 12). The subjective pain rating was the
only dependent variable investigated in Phase I that was significantly
influenced by the pucst inods (E = 3.12, p= .0464). Post hoc analysis
of the means shows that a burst mode of 90 Hz was significancly less
painful than eithar the 50 or 70 Hz burst mode, Although the 50 Hz
burst mods was deemed the most painful (X = 4.86 scale points), it was
not significantly different from 70 bursts (X = 4.83 scale points).
Figura 15 i1llustratess the trand of dacreasing pain rating as ths burst
mode advances. Th2 carrier freguency also affected ths pain rating
significantly (F = 29.8, p = .0001) (Table 12). Post hoc analysis
rava2als that a 10,000 4z carviar £rezi2ncy was significancly mora

-
/

painful (X = 3,35 sz3l2 points) tnzn 2:1tn2r 5,200 Hz (X = 4.2

cl=zarly snows an incr2asing Dain rating as che carrier Ir2guanc
increasad, Tnarz wis @ narked variation In th2 wndividual pain
ratings. Tn2 ratings ranga2d fzom 2 low 0 .2 cm given Dy IW0 SuDj2sts
o a high of 3.5 cm also given oy twd sudjsects. One of th2 low paln

ratings was given the following stimulazion at 30 ourscs and a 2,590

Hz carrier frequency, whils the other followad a 70 burst, 5,000 Hz




Table 11

Amount of Milliamperage Necessary to Stimulate the Quadriceps Femoris

Muscle to 50% MVC

Burst/Carrier N X SEM
Fraquency
50/2,500 27 35.7 1.65
50/5,000 27 44.1 2.42
50/19,000 27 20.1 0.95
72/2,300 27 35.5 1.53
70/5,009 27 42.7 1.73
73/10,000 27 19.7 0.40
93/2,500 27 34.9 1.42
90/5,000 27 43.5 1.99

92/13,000 27 19.3 0.42

86




Figure 15 - Graphic representation of the relationship of the combined
pursts and carrier frequencies to the milliamparage

necessary to attain 50% MVC.
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Table 12
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ANOVA (Burst VS Carriec Fczquency) for the Pain Ratings of the Nine

Comoinations of Bursts and Carrier Fraquencies

Source df SS F P
Model 34 741.2 7.11 0.0001
Ercor 203 6338.1 Mean Pain Rating = 4.6 cm
Burst 2 19.12 3.12 0.046447
Carrier Fraguency 2 132.3 23.30 0.0001"
Burst*Carriar 4 9.91 0.81 0.5214¢
Freguency
A = twaan 90 pursc

A Duncan post hoc raveals a significant difference

and 50 or 70 opursts. No significiat diff2rence noted patween 50

and 70 oursts.

O = A Duncan post hoc tast reveals a significant diffacrence between

19,000 dz and 2,530 or 5,000 Hz.

2,523 4z o7 5,020 Hz.

- = Non-signifizant i1ntaraczion

No significant difference ba2twaen
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Figure 16 - Depicts trends of decreasing pain rating as the burst mode
(Hz) increasas and an increasing pain rating as the carrier

fraquency (Hz) increases.
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combination. Both of the high ratings involved a 10,000 Hz carrier
frequency, one in combination with 50 bursts and the other with the 70
purst mod2 (Appandix C). Figure 17 shows how subjects ratad the
combinations of burst and carrier frequency. The 90 burst, 2,500 Hz
carrier frequency was ratad most favorable with a m=2an of 3.3 cm
(SEM - 0.33) on the VAS, while ths 70 burst, 10,000 Hz carrier
frequency was the least favorable combination (X = 6.3 cm.,
SE4 = 0.40) (Table 13).

One supbject was unable to tolerate any of the appliad frequency
combinations to a leval sufficient to produce 50% of her MVC.
Although she compl2tad all aspects of this research, the data obtained
from her participation were not utilized in the statistical analysis.

Phasa II

Phas2 II utilized the data on pain perception analyzed from Phasa
I. Of tha 27 subjects successfully completing tnis study, 18
indicatad that their preferred freguency combination had a cacrier
fragquency of 2,500 Hz and 9 chos2 the 5,000 Hz carrisr. No sunjact
2ickad a Zraguency comdination with a 12,000 Hz carrier fraguancy.
T2 MSs3T comnonly CNo38n DIrst mod2 was 2D birsts with 13 most

favoradi2 ratings, IZollowed oy 70 opurscs with 3 and 50 ourscs witn o

[
()

Zavoranle oicxs (Taola 13). Ine Iregasacy distrivpuzion in Tadlz 14

SNOWS INz2T 313 T2 nuder 2L 2ursis incraasad froan 30 ©o 30 Hz, tna

w

namoer of favoradla razings 1lso incra2ased (50 bursts = &, 70 bursts =
3, 90 oarsts = 13). It is interesting to not2 tha:z this saguential
incraas2 is also presenc when th2 ourst mode is looked at in
comoination witn tha chosan carrier frequanciss. At 2,500 Hz carrier

frequency and 50 bursts there are 4 favoraple rasponses, at 2,500




Figure 17 - Combined effact of pucrst mode (Hz) and carrier freguency

(Hz) on supbjective pain rating.
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Tavle 13

Pain Rating at the Tested Burst and Carrier Freguency Combinations

Burst/Carrier N X SEM
Frequency

50/2,50) 27 4.3 0.36
53/5,299 27 4.4 0.43
50/13,009 27 5.9 0.42
72/2,530 " 27 3.9 0.43
70/5,000 27 4.3 0.44
70/10,000 27 6.3 0.40
93/2,500 27 3.3 3.39
23/5,000 27 4.2 0.42
90/10,000 27 5.3 0.49
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Table 14

Comoinations of Bursts and Carrier Frequencies Chosen Most Comfortable

Carrier Frequency

Bursts 2,500 dz 5,000 Hz 10,000 Hz Total
59 4 2 0 5]
70 5 3 0 3
92 9 4 0 13

TOTAL 13 9 0 27

96




97

Hz/70 opursts theres are 5 choices and at 2,500 Hz/90 bursts there are 9
picks. This sequenca 1s again obvious when looking at the 5,000 Hz
carrier freguency with the sama2 pattern of increassd favorable
responsas as the barst mod2 rate increases (50 bursts = 2, 70 bursts =
3, 90 pursts = 4). Data from Phase I showed that poth burst mode and
carrier freguency significantly influ=nced subjects' pain ratings and
that overall th2 90 nurscs, 2,500 Hz carrier fraguency was the most
conforcapla (Figurs 17). Figur2 18 clearly 1llustrates that subjects
prefarred the nigher durst moda2s in the zwo chosen carrier frequencies.

The Increas: in Milliamperage Necessary to Maintain 50 Percent of Each

Subjact's MVC.

The m2an parcentage incraas2 in mA necessary to maintain 50% MVC
(incremants evary two stimulations) was 40.5% and rangad from 12 to
90% (Appendix D). Within the two chosen carrier frequencies (2,500 Hz
and 5,000 Hz), the parcentags increase bacame ygreatar as the burst
rat2 increased from 30 bursts to 90 bugsts (Figure 19). As can pe
se2n in Taole 15, cne 2,500 Hz carrier freguency tendad Lo r=guirs a

graater increas2 in ma (X = 40.5%) than a 3,200 Hz carriar fraguency

<
(D]

U
n

[V

b
=
Ly
o
()

Znangses ac Zacn

43 Zan 22 s22n in Taole 15, 1n every cas:2 tastad, the D2rantd
dacrezs2 1n ZIMG are2a was gr2it2r in Phasa II then in Phasa I, Thna2
0230 d2zrz2as2 in 2MG ar2as of the 27 preferred f£ra2guancias identifi=d
in Pnas2 I wa3s 32.13. Whan tn2 sane freguancy comdinations wara
atilized during Pnas2 II (with tha milliamparaga peing incr2asad evary

10) thar2 was a1 m2an decrease of 45.7% in the

2 contractions; total




Figure 13 - Illustration of the effect on pain rating of the purst

mode at the przferred carrier freguencies.
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Figure 19 - Illustration of the percentage increasz in milliamperage
necessary to maintain 50% MVC at various burst modes (Hz)

at the preferred frequencies in Phase II.
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Table 15

Percent Increaszs in Milliamperage Necessary to Maintain 50% MVC in

Phase II
Carrier Fraguency
Bursts 2,500 Hz 5,000 Hz
50 36.3% 14.5%
70 39.0% 41.3%
90 - 46.4% 45.7%

MEAN 40.6% 33.8%




Table 16

Percentage Change in EMG Are@a Phase I VS Phase 1I

103

Phase I Phase II

Frequency Combination Decrease in  Decrease 1n Change

(purst/carrier fraquancy, Hz) N EMG (%) EMG (%) (%)
50/2,509 4 41.75 47.5 +5.75
50/5,000 2 13.50 49.0 +35.50
70/2,500 5 28.20 45.4 +17.20
70/5,000 3 24.66 36.0 +11.34
90/2,500 9 33.11 47.6 +14.49
90/5,000 4 25.50 45.7 +19.20
MEAN 30.1 45.7 +15.80
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areas under the negative deflection of the EMG curve (Table 16). A
dependent t-test revealed a significant difference b2tween the percent
decreasa in EMG ara2a during Phass I stiwmulation by the preferred
frequencies and the decrease in Phase II (t = 1.98, p = .029)
(Tapble 17).

DISCUSSION

Supject Motivation

All of the subjects in this study generatad a maximal isomatric
torqua (N.m) of at least 75% of thezir body weight. This condition of
torgue and body weight is consistent with the findings of Edwards
{1977) who reportad similar results.

I fearad that som2 subjects - knowing that they would e
stimulated electrically to 50% of thair maximal torgue veading - would
not give a maximal 2ffort and hence, prejudice the results of this
study. The corralation between body wa2ight and maximal forcs in N was
also significant (E = .7359, p .0001) (Figura 8). Although =dwards
reporzad a correlation coefficient of r = .31 when comparing body
w2ignt to isoma2tric torgue, h2 tested 145 sunjects. I baliave my
sunjacts ware sufficiently motivatad 2nd if ny sampl:z size was larger
than N = 27, the corr2lation raporzaed in this study would nava

Maximal volitional 2Zfovt oy 2ach suoject

rh
B3]
138
)
(Y
(o5
1]
L]

aporoached that o
was imporcant sinc2 the pra- and nost-stimulation torguz was o2ing
Jquantifiad and sctatisczically comparad. Marsdan, 2t al, (1383)
3igland-Ritchi2, ot al. (1384) reported that in motivated subjects,
all motor units would o2 utilized during a maximal voluntary effort.
The activation 2f all the available motor units during ths required

maximal contraction of the quadriceps femoris muscle - racorded pefore
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Table 17

t-Test (Phase I VS Phase II) EMG Changes at Preferred Stimulating

Compbinations (%)

Source N X SEi1 t P

EMG Change 27 15.8 7.9 1.98 0.0291
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and after the muscle was electrically stimulated - was a necessary
criterion for svaluating and comparing the recorded torque and EMG
data. The descriptive data and correlation coefficient displayed in
this research project convinced me that the subjects tested were
expending their maximal effort.

Torque Decrement Folliowing Electrical Stimulation.

A decreas2 in maximal voluntary isometric torque of 30.3%
following electrical stimulation is reported in Phase I of this
study. Currier and Maan (1933) reportad a 24% decreas2 in torgue
following 10 electrically stimulatad contractions, while Kots (1976)
reportad a 20% decrease. The 30.3% decrease found in this study was
statistically significant. Further analysis of the data revealad that
the burst mods {50, 70, 90 Hz) had no effect on the decreases in torgue
while the carrier frequency had a significant impact. Ths data in
Figurz 9 show that a carrier frequency of 10,000 Hz yields a
significantly lowazr torgue decrement (X = 26.1 N.m) than eithsr the
2,500 Hz (X = 35.1 N.m) or 5,000 Hz (X = 34.2 N.m) carrier
freguencies, If viewad indspendently, one might D2 led to o=lieve
thac tha 13,030 Hz carri=r fraguency would o2 zh2 most clinizally
apolicanle of the carrier fraguanczies testad., Afcter all, a carrisr

T least 530% of a pactient's MVZ and alfact

freguency that would induce

b

torgua loss less than other clinically utilized carrier freguencies
could b= adaptaoie not only td strangth enhancing programs {incr2asing
the numo=r of maximal contraction befora fatigus) but also o
functional =lectrical stimulators (hera maximizing the numoer of
repetitions pefors fatigue). Solomonow, et al. (1982) and

Packman-Braun (1988) cite the high rate of muscular fatigues as the
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major drawback to the usae of electrical stimulation. However, as will
be discussed in a subsequent section, the 10,000 Hz carrier frequency
produced an unacceptable level of subject disconfort.

A 24% decrement in torqua following ten electrically stimulated
muscle contractions of the quadriceps famoris muscle at 60% MVC was
contrasted by Currizr and Mann (1983) with a 10% decrease following a
similar voluntary effort, Cabric (1983) postulataes that 2lectrically
stimulated muscle contractions show a greater decradas2 1n torque
production when compiarad to voluntary efforts because they hava a more
pronouncad affact on th2 Type II muscle fibers than on the Typa I
fibers. The increase in torgue decrem2nt may b2 du2 to the raported
lower threshold to electrical stimulation of th2 large diamester axons
that typically innervate the Typ2 II fibers (Solomonow, et al., 1982).
3enton, =t al. (1981) confirm this oos2rvation and tie the increased
rata of fatigue to the preferential stimulation of the Type II fibers
during alectrical stimulation of sk2l2tal muscles. Komi and Tasch
(1379) tied the increasad ratas of fatigue sean in different musclse
groups during 2iectrical stimulation to the proportion of Type II

fioars pr

0]
s

s2nT. Karisson (19381) also opsarzved zhaz at 3 givan
2X2r2is2 Lntansity, Tyes II dominant muszles prodase mora lactic azid
and fatiju2 mor2 easily than Typ: I dominant musclas. Tn2 dacreas2 in
aessla pH 2ssoziated with increxsad lactic azid may contriouta tO
paripharal fatigu2 for a vari=ty of r=asons. The mast fregaantly
mantionaed reasons for muscla fatigue cited in th2a litarature ara:
inhinitinon of key glycolytic enzyma2s (Danforth, 1965; dermansan, 1931;
Ui, 1966); limitation of th? intaraction of calcium and troponin

necessary for actin and myosin to interact (Astrand and Rodanl, 1977;
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Basmajian and Deluca, 1985; Hermansen, 1981; Ropertson and Kerrick,
1979; Tesch, 1980); and the reduction of the conduction velocity of
the muscle memorane (Basmajian and DeLuca, 1985; Hagbery, 1981;
Petrofsky, 1979; Petrofsky and Lind, 1980). Th2 superficial location
of the Type II fibers reported by several researchers may also result
in their early activation during electrically stimulated muscle
activity (Clamann, 1970; Gollnick, 1983; Jonnson, 2t al., 1973).
Appall (1988) refers to a reversal of the "size principle" (Hennamen,
1965) when muscles arz elactrically stimulated. The larger, more
powerful Type II fibers are activated first during the electrically
stimulatad activity, and since they are mora susceptible to fatijue,
the increase loss of torque reportad is not surorising. There is a
prepondarance of evidence suggesting that =slectrical stimulation
affacts the highly fatiganle Type II fibars to 4 greatar axtent than
the fatigue resistant Tyw2 I fibers. This seguence of fiber type
activation is th2 reverse of th2 natural fiper typs recruitment ordar
sa2n in voluntary contractions. Ona of the r2asons for th2 nigh
amount of torgu2 decrament reportaed in this sctudy was tne praferential
aztivazion of zZne Type I muscla Zioers during the tan elactrically
induz23 mascle contractions. No muscle nionsy was odtainad inomy
stady and tnerafora, no dafinizive conclusions can o2 drawn concarning
muscla pd following elactrical stimulazion. Howaver, cth2 lavels oI
forze decrament reporzad (30.1%) ars mach largar than the 10% dacreass

expactad during ten voluntary contractions at nearly the same force
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Although during voluntary activity, fatigue at the myoneural
junction has been all but ruled out (Bigland-Ritchie, et al., 1986;
Bigland-Ritchie, 2t al., 1983; Marsden, et al., 1983; Merton, 1981) in
non-pathologic conditions, fatigue at the myoneural junction may not
b2 the case when fatigue 1s observed following electrical stimulation
of skelstal muscla. Jones, et al. (1979) reported a decreasad
cesponsivenass at the myoneural junction when skelatal muscle was
scimulated electrically at 80 Hz. Stimulating at 70 Hz, Elmguist and
Duastel (1363) noted an increased ralease of naurotransmitter
substancas as tha rate of 2lectrical stimilation was incraased from 30
4z to 70 Hz. The asynchronous astivation of motor units during
voluntary =2fforts, coupled with a natural sitowing of motor unit firing
freguency precludes this occurrence in normal nerve and muscle.

Jones, =t al. (l979) reported that fatigue during electrical
stimulation could be dalayed if the stimulating “reguency was
gradually lowared from 30 Hz to 20 Hz. The method described by Jones
mimics th2 pody's natural slowing of motor unit firing rates during
voluntary contractions. The coastant rates of muscle stimulation usad
in th2 prasant scudy may hava 123 ©o the dacr2asad responsiveaness at
tn2 ayonelral junction praviously dascriosad oy Jones. Tals decreased
c2ponsivenass, along with the prafarential activazion of the Tvoe II
£io2rs, may hava contriputad to tha dacr2as2 in torgue c220rtad
tollowing elactrical stimulacion.

4oskins, 2t al. (1978) wr2portad that the force dacranant during
2lectrical stimulacion was r2lated to the stimalacing freguency. Whan
scimalating at 30 Hz, Hoskins notad a 10% dacreasz in muscle torgJue,

put while stimulacing at 100 Hz, a 59.5% decreas2 was reported. The




current study found no statistical difference in the amount of torque
loss when the burst modes were compared (Table 5). Perhaps the range
(50 Hz, 70 tz, 90 Hz) was too narrow. Figure 9 shows that as the
burst mode2 increased, the torque loss also increased. This tends to
support Hoskins' conclusions. However, it must be emphasized that

this trend was not statistically significant (F = 1.20, p = .3042).

When carrier freguencies ars comnparad, the amount of torque loss
decreisas as the freguency rate increases. Dacreasing torgu2 loss as
the frequency increasas is in conflict with Hoskins', et al. (1979)
obsarvation as well as the trend noted when burst rates ware analyzed
in the present study. Perhaps at the narrower pulse duration (PD),
the stimulation may e occurring during the absolute refractory period
(ARP) of the muscle (10,000 Hz.= PD 50 microsecond; 5,000 Hz = PD 100
microsecond; 2,500 Hz = PD 200 microsecond). Virtually evary subject
tasted reportad that the 10,000 Hz carrier freguency caused a jerking
muszle contraction. This jerking type of contraction can be easily
obs2xrved when viawing the torgu2 curves in Figur=s 20, The smooth
forca dezramenis 2f ths 2,500 Hz and the 5,000 Hz carrier freguencies

<an o2 223i1ly contrastiad with the 10,033 Hz curva. Tne ragular
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i3:ng and falling cormgu2 re2adings daziczad in Figurs 20

Tay indicate that at the 10,000 Hz carriar freguancy
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famoris muscl2 is no loager undargoing a smooth t2tanic contraction.
Tne j2rking contraction may 22 caused by the short PD of the 19,000 Hz
carrier fregiency stimualating th? muscle duringy its ARP., Also recall
that tne 10,000 Hz zarrier frequancy causad significantly gr2acer

subject discoanfort than eith2r the 2,500 Hz or 5,000 Hz carriler

fraquency. This subject discomfart may have caused 1 contraction




Figure 20 - Typical toryue graphs at various burst modes and carrier

frequencies. A) 90/2,500; b) 90/5,000; c) 90/10,000.
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of the hamstring and quadriceps femoris muscles and a distoction in
the torgue curv2. However, the symmnetry and consistency of the
pattern in Figure 20 leads me to believe that at the 10,000 Hz carrier
frequency there was not complete tetany during the 12 seconds of
maximal stimulation,

Changes in the Ar2a Under the Negative Deflaction of the Muscle Action

Potential ~ollowing Electrical Stimulation

The nine combinations of burst and carrier freguencies causad a
significant decrease in the area under the negative deflection of the

p = .0001) (Tapble 6). Recall that

&

muscle action potential (E = 11.54,
Fowler, et al. (1972) reported that the area undar the negative
d=flection of the MAP 1s indicative of tha numnber of active motor
units. Basmajian and DeLuca (1985) concluded that at force levels
similar to thos2 tested during this protocol (a minimum of 50% MVC)
thera is a direct relationship betwesn EMG activity and force. Since
th2rz was a significant decreas2 in EMG activity after electrical
stimalation, one can conclude that less motor units wece active after

stimalation than b2fora 2lectrical stimulation, Tn2 decreas2 in the

[¢8

ar2a ander the n2gative deflection of the MG curve rangad from a m2an

of 33,7 mn2 =5 25.3 mn2,

A}
17}

21 1is an exanpl2 of the pre- and

1)
-
(9]

9
post-stimalation 3rapns ootainad Zrom tn2 Cadwell EMG unit. The
r2a3ons for changes in motor unit activity as well as fiper type
susceptinllicy o alectrical stimulacion was discussed in detail in
the pravious section,

The ANDVA in Taple 9 disclosed an intaraction petwaen burst and
carrier freguency which necessitated utilization of the graph in

Figur2 13 t©o oa2tter visualize the 2ffact of the independent variables




Figure 21 - Example of pre- and post-stimulation graphs obtained from
the Cadwell EMG Unit. A) 90/2,500; b) 90/5,000;

c) 90/13,000
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upon the recorded EMG signal. The interaction among the levels of
independent variablas appears to occur when the 10,000 Hz carrier
frequency is employed. Recollact frow the previous discussion of
torque loss following electrical stimulation that the 10,000 Hz
carrier fraquency caused significantly lower torgue decrements than
either the 2,500 Hz or 5,000 Hz carrier frequencies (Figure 1ll). When
viewing the BEMG changes, there is a consistent decline in EMG across
all the burst modes from carrier frequencies 2,500 Hz to 5,000 Hz.
This trend in EMG decrement persists when the 50/10,000 Hz and
70/10,000 Hz compinations are visualizad, but the 93/10,000 Uz
freguancy linking disrupts the trends seen with the other mixes.
Basmajian and DeLuca (1985) reportad an increase in EMG activity with
increased sudject anxiety. This increased EMG activity may be an
axplanation for tha unaxpectad increase in 8MG noted at the 10,000 Hz
carrier fraguency level., The 10,000 Hz carrier frequency was
significantly morz painful than 2ither the 2,500 Hz or 5,000 Hz
compinations. No suoject chose a 13,000 Hz carrier freguency
comoination as tha most confortabla, The increased pain 2xperienced

during stimulation with tha 10,000 Hz zarriar fraguencias may have

sctimulazion 2M5G £2ading, Sunjact anxi2ty may Dartially explain the
unaxpectad increas2 in MG activity ac ctha 10,000 Hz carriar
fragu2ncy. If the 93/10,002 Hz conoination 1s ignorad, Figura 13 is

a1t2 similar to Figure 11 which documants a dacraase in torqu2 loss

Q

a3 the carrier freguancy i3 increasad.




Torgue and EMG changes following electrical stimulation were
quite similar during this experimental protocol. There was an ovearall
30.3% decreas2 in tocque following electcical stimulation (at any
combination) and a 25.3% decrease in EMG area (Tables 4 and 8).
However, an insignificant Pearson's product mament of r = .115 was
drawn p2twe2n the two variaples. This poor correlation bztween
torgu2 and EMG changes may hav2 been due to the unusual interaction of
the 10,000 Hz carrier freguency when the area under the negative
deflection of the MAP was m2asurad. The increased pain exparienced by
tha subjects when th2 10,000 Hz carrier frequen:cy was ba2ing used may
hava contributz2d to the poor corrzlation b2atwesn these variables.

Pain Assoclatad with Electrical Stimulation.

Both the purst mode and the carrier frequency of the stimulating
current significancly affected tha subjects' pain ratings throughout
this study, (Tables 12, 13; Figure 18). The Duncan grouping shows
that the 90 Hz purst mode was significantly less painful than either
che 50 Hz or 70 Hz burst modes. Although the 50 Hz and 70 Hz burst
modas wara not significantly differant, therz is a trend of dacreasad
pain p=arcepiion amony sudj2sTs as Tn2 burst mod2 increasas

3). Tnis tra2nd oI dacreasad pain parzeption is in agr2easn:

(C1gur2
~izn aloa's (1237) asserzicn cthat a2s the freguency of stimulacion
incr2as2s, tna2 painflil rasponse dacraases, Alon notes that as th2
fraguancy 2f a s:timalating cursent increases, it lowars tha skin
resistance: and allows 2 d22par penatration of the stimulating currzent
than lowar fraguenczias. 31nc2 pain conducting narve fibers ar2
palievad to ne moraz superficially located than motor fibers,

(DeGirardi, 2t al., 1934; Alon, 1937), the higher fraguancy
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stimulation is believed to minimize pain fiber stimulation (Alon,
1987). vodovinik, et al. (1965) and Crochetiere, et al. (1967) also
reported a dacreas2 in painful sensory response as the frequency of
the stimulation increased. The data in Phase II agree with the Phasa
I findings as the 90 Hz purst mode was by far the most frequently
chosen frequency (Table 14).

In mirked contrast to the data on burst modes, the carrier
frequency infonnation reported in Phase I and II shows an opposita
leaning {Tables 12 and.l4, Figure 16). Here, as the rate of the
carrier fregquency increased, supjects reported more pain., The 10,000
Hz carrier frequency was significantly mores painful than that of
2ither 2,500 Hz or 5,000 Hz. The explanation for this reversal of
pain/frequency concspt may lie in the jerking sensation (i.e., unfused
tatanic contraction response) reported by all the subjects tested when
this carrier frequency was used. As mentioned previously, the jerking
muscle contractions caused by the 10,000 Hz carrier freguency may have
causad increasad supject apprehension. Several sudbjects staced that

)

c lik2 my muscles ware tearing." Th2 torgue curves 1

]
"y

-
r2

£

g
2D d2pizts tn2 p2riodiz contraction and ralaxation oosarvad during
13,000 5z stimalation. Tnls apprehension caused savaral supjacts o
2onTract th2ilr hamstring masclas in an atteamdi ©o allaviate the

2r<ing motion. I cautionad th2 sudjects ©o avoid any hamscriag

(W)

A7

agoivi

0
1
ct

y. I was 2012 td control chis tandency oy visual inspaction of
Th2 hamstring muscias and in on2 case, by palpation of th2 hanstring
miscl2 group. Becaus2 of che subjact discomfort associated with the

10,000 Hz carrier fraguency, I o2lieva that tha 10,000 Hz carrier

frequancy mod2 1s unacceptadle as a clinical tool. As statad
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praviously, no subject found any burst mode accompanied by a 10,000 Hz
carrier frequency to be an acceptable combination. Th2 range of
discomfort reported in this study was from .2 cm to 9.6 cm
(Appendix C). Both the 9.6 cm ratings involved a 10,000 Hz carrier
frequzancy. When the bar chart depicted in Figure 17 is viewad, the
comoination of 90 bursts and 2,500 carrier frequency received the most
favoraole rating during Phas2 I. Even though this finding of higher
carriaec freguencies causing increasa2d main is stronjly supported by
the data, I feel the ﬁigh Dain ratings were partially due to the
jerking contractions 2L the guadriceps f2moris muscles during
stimulation, ‘I'h-se jerking contractions ware especially obvious when
a 10,000 Hz carrier frequency torque curves are compared to the 2,500
Hz and 5,000 Hz torgue curves (Figure 20).

Aithough subjects rated the discomfort immediately following eacn
stimulation ss2quence, an interesting pattern of delayed onsa2t of

muscle soreness (DOMS) emarged as the study prograssed. Approximataly

53% of the subjects report delayad onsz2t of muscle soraness 24 t©o 48
hours following at least one stimulation session. TWO suojects
raporIad savares sor2ness 24 nours after stimulation and dascriosed ths
2110 25 3imilar o wnat tnay =xpariencad after resuning tha:is waigat
lifting ra2gime afz=2c a long layoff., Mclully and Faulknar (1383)

damonstrazed tnat DOM3 is associatad with eccentric exerciss and is

M

not a2monsctratzd following isomatric exercise. Garzrezt (1333)
daescribas che DOM3 following sudden high intensity mus:cle
contractions, while Priden, =2t al., (1981) report that the majority of
the muscle fio2r damage associated with da2layed muscle sorenass was D

tne Typ2 II fiwoars. The association of delayed muscle soraness to
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sudden high intensity muscle contractions and to Type II fiber damagz
lead ma to pelieve that following electrical stimulation, especially
at 10,000 Hz carrier frequency, thera is an increasad risk of dalayad
muscle sorenass.

The Changes in Milliamperags Necessary to Produce 50 Percent of a

Supjact's MVC at Various Combinations of Bursts and Carrier

Frequencies in Phasz2 I and II.

The ANOVA in Tavble 10 reveals that only the carrier frequencies
of th2 tested stimulation combinations significantly influenced thz mA
necessary to produce 30% of a subject's MVC in Phase I. The Duncan
post hoc analysis shows no statistically significant difference
pa2ween vburst modas, but Figure 14 reveals a trend of decreased
amounts of milliampesrage necessary to produce 50% of a supject's MVC
as the burst freguency increaszad from 5) to 30 Hz, On the other hand,
Figur2 14 shows that 10,000 Hz carrier fregquency requirad
significantly less milliamperage to stimulate the gquadriceps femoris
muscle £ tnez reguired laval (X = 19.7 ma). A 2,500 Hz carrier
raguirad significantly mora m4 chan 10,000 Hz (X = 35.4 ma), ou:

signifizantiv lass than 5,000 Hz (X = 43.4 a3) which vezuirad th2 most

)
o
'_.
—
-
1

mDarage IO ra2acn the goal of 30% MVC. Figure 15 illustratss
that wi2n oursts and carrisr fraguiencies are comodined, 3 COMOLNATLION
of 3) Hz oirsz and 13,000 Hz carrier fraguancy is the most 2fiicient
pairing (X = 19.3 mA, 334 = 0.42 ma) while che 3D Hz burst, 3,000 Hz
carrier fraguency comolnation was the laast 2ffecctive (X = 44.1 ma,
324 = 2.42 mA). Tne raason for these diffarences in milliamparage 1is

not clear whan examining the Phasa I data. Recall from tha discussion

of the pain data tnat th2 10,000 Hz carrier freguency appears to be
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unacceptaole for clinical use. When the frequency combinations

containing 10,000 Hz are eliminated, the 90 Hz burst, 2,500 Hz carrier
frequency emerges as the compination that yields 50% MVC with the
least amount of milliampsrage (Figure 17).

When the milliamperage is periodically increased in Phase IL to
maintiin the desired 50% MVC, th2 9) Hz burst, 2,500 Hz carrier
fraquency required the greatast percentage increase (Taple 14). The
fact that 90 Hz purst and 2,500 Hz carrier freguency reguired the
largest increase is no& surprising as in Phase I a purst mode of 90 Hz
caused the greatest decrease in torgu2, while a carrier frequency of
2,500 Hz produced similar results (Figure 39). The increasad amosunt of
milliamparage necessary to maintain 50% MVC whan the 90 Hz burst,
2,500 Hz carrier freguency was usa2d is because of the increased torgus
loss causad by this compination. The morz fatiguing the
burst/fraquency compination, the graatar the increas2 in milliamperage
nacessary to maintain a specified torgque reading. At each subject's
chosan fraguaency from Phas2 I, no suoject was unable td toleracs the
increas: in miiliamperage neaded o produce a mussla contraction
2gaivalant o 530% MVZ. On2 subject sustained a 30% incre2asz in
milliamp2rage ©o mainzain 50% of his MVC without complaining of

1ncr2a32d Dain. Onca2 a comfortapie ourst/zarris

"
rh
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1]
W
99
L
. )
[#]
24

comoination 1s identiiied Dy a1 suojecz, he can ob2tter tolarata
incr2as2s in stimulating intansities than whan th2 optimal
purst/cavriac fraguency is not applied. Tha k2y to the clinical uss2
of tnis modality apopears to li2 in the identification of a freguancy

comainiation accepiable to the subject undecgoing high intensity

2lactrical stimulatcion.




Chapter 5
SUMMARY, CONCLUSION, AND

RECOMMENDATIONS FOR FURTHER STUDY

Swmnarz

The purpose of this study was to investigate what 2ffect
electrically stimulating human skelstal muscle at various comdinations of
burst .nodes and carrier frequencies has on muscle fatique and pain
perception. By using human subjects and clinically available stimulating
comoinations, this invéétigator hopas that the conclusions drawn from
this study will enhanca the use of this modality in physical tharapy and
sports madicine clinics.

During Phas2 I of this study, I found that =lectrical stimulation of
the guadricaps femoris muscle by each of the nine combinations of bursts
and carrier fragueacies brought adout 50% MVC in each subject tested.

All the tested freguency combinations significantly reduced the torgus2
following tha tenth muscle contraction ra2cordsd by the Cybex II
dynamon2tar (X = =30.3%). Further differantiation of tne data showad

That tne carrier freguency of the stimulating currant had a significanc

4

1mP2 0 01 d2cr2asing toriae, wnila The Duvst a2 oL th2 curzanc did no:

38
W

3if=2cT Tn2 Caang2 in ©orgae,  Tn2 Dunlan 203t nog analysis of th2 data
23 tnat the 12,300 Hz carrier frsguancy caused signilicantly less
Cor3a2 da2crament than 2izhn=2z the 2,300 Hz or 5,000 Hz carrier
frajasncias, Tne latter Cwo carrier fragusncies wara not significantly

diffzrant from each other. Howavar, thera was a trend showing Iniat as

t
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o
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3¢ mod2 iacczasad from 30 o 70 ©o 20 Hz, a greacer
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amount of torgque loss was observed., The 70 Hz burst mode coupled with
the 2,500 Hz carrier frequency caused the greatest torque loss while the
50 Hz burst/10,000 Hz carrier frequency caused the least torgue decrement
following tha tenth muscle contraction.

There was a statistically significant decreasz in the EMG (negative
deflection of the MAP) recorded pre- and post-stimulation of the
quadriceps famoris muscle (X = -25.3%). As in the torque data, only the
carrier fraguency significantly affected this neasurement and a trend of
A graatar decreasa in BEMS Ar2a was notad as the burst mode increasead.

Post noc tasting of tha carrier frequency damnonstrated that the 2,500 Hz
carrier frequency caused a significantly greatar loss of EMG aresa than
10,000 Hz or 5,000 Hz carriers. The 10,000 Hz and 5,000 Hz carrier
fraguancies wer2 not significantly different from each othear.

In Phas= II only the subject's most tolarables freguency compination
wis utilized. When the decreass in EMG recordings from Phasz I was
comparad to the decraases of the same freguency combinations in Phase II,
a significantly greater loss of EMG arza und2r the n2gative deflection of
tn2 4AP was r2alized in Phase II.

Altnougn Doth torgue and BEMG rz2adings dacr2as=d significantly
foilowing a voat of 10 =2lactrically induced mascle contracilions, thara
w33 2 non=-3i3niilcant <orral2Tion Dacwaan Thes? WO variaolas. In
£oNTTasT o tne preceding owo da2pendent variables, ooth bursi mod2 and
carriar frsguency significantly influencad ths pain ratings of the
supjaces tested. The 3D Hz burst moda was significantly lass painful
tnan a2ithar the 50 Hz or 70 dz currsnt configuration. The 30 Hz and 7D
Hz Durst mMoa23 ware not significantly diffarent from eiach adthar. A trend

of 1ncreasad sabject tolarance was obszrvead as the ourst modz2 incrzased.
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Interestingly, the carrier frequency data showed a trend contradictory to
the burst mod: results. As the carrier frequency increased, the
subjects' rating of perceived pain bacame elevated. When Phasz I pain
data were analyzed, the combination of 90 Hz burst mode and 2,500 Hz
carrier frequency was preferred by 67% of the subjects tested. This
burst/carrier frequency combination supports the trends noted when Phasz
I data were examinad. No subject chosz a frequency combdination that
contained a 10,000 Hz carrier frequency.

Wwhean all the tested frequency combinations (ﬂ = 9) from Phisz I were
groupad, a m2an intensity of 32.8 mA was reguired to provoke the required
508 MVC. wWhen viawed individually, the 30 Hz purst and 10,000 Hz carrier
frequency requirad the lowest intensity, while the 50 Hz/5,000 Hz
burst/cavrier fregquency required the greatest intensity. When the
independant variables were viewad individually, only the carrier
frequency exhibited a significant influsfice on the mA nacessary to bring
200Ut 50% AVC. The 13,000 Hz carrier reguired the least milliamperage of
current, while the 5,000 Hz carrier required the most to achieve 50% MVC.

During Phas2 II - whan the milliamperage was periodically increased
afcar 2ach two contractions - the 90 Hz ourst mode coupled witn the 2,300

incr2asa 10 milliamperags Lo
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Conclusion

Considering the limitations of this study, the findings justify the
following conclusions:

1. Electrical stimulation of human skeletal muscle at an amplitude
sufficient to produce 50% of a healthy subject's MVC results in a
decreasa in torgue and a decrease in the area under the negative
deflection of the EMG signal recorded from the stimulated muscle. The
degree of torgue loss or EMG aresa decreasa is depzndent upon the
freguency and intensity of the stimulation current.

2. The amplitude of stimulation (mA) necess:iry to bring about 30% HMVC
of a given muscle group is dependent upon the frequency of the
stimulating curreat. All of the frequency combinations used in this
study were capable of stimulating the quadriceps femoris muscle to
produca 50% MVC.

3. Subjects' pain tolerance 1s contingent upon the stimulating
frequency and the intensity of stimulation. Variations in either the
purst mode or carrier freguency 2f a stimulating current can altar a
suoject's pain raesponsa,

4. Wh=n torgue produstion dacraasas a3 a rasult of 2lectrical

213Tion, an incr2as2 in cureans inzznsizy will ra-estaniish tha

u
!
P
3
|

d2szirad orgus laval (30% VD).

5. In th2 conz2xt of this study, thars was no cosralazion daiwean

torgu2 and MG changes following alectrically induced mascle szimalazions.
o, 1In addition to tihz disconfort 2ncountared duging elzctrical
scimalation of the guadriceps f2moris mascle o produce 33% MVE, thara
may 22 dalayad onszt of muscle sorsness occurring 24 to 43 hours aitav

s=immalation.
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Recomn2ndations for Further Study

The use of muscle biopsies both pra-~ and post-stimulation would have
allowed an objective review of the enzyme changes occurring after
electrically induced muscle contractions in humans and make additional
assumnptions as to what is altering the enzyme composition within human
muscles. This study of muscle enzymes would have entailed a muscle
biopsy and required additionil review by th2 Human Investigations Review
Comnlttee,

I was only able to speculate on whzre the fatigue (decreasad torgue
production) was occurriﬁg in the chain of motor activity beginning at the
MOLor cortex and terminating with the interaction of actin and myosin.
Further analysis of the "M" wave both pre-~ and post-stimulation would
have allowed me to objectivaly view changes in the motor unit activity.
Again, as with the addition of a muscle biopsy, this enzyme study
procedurz antails an increas2 in subject discomfort.

allowing subjects to maximally contract their quadriceps femoris
mascle whils being electrically stimulatad may have yielded additional
infonmation on fatigue and pain darzepiion. Clinically, when patciancs

&)

r2 aliowad to maximally conzract th2 mascla »2ing stimulatsd, Iar

[
1]

a2y amplituadaes 2L s:timulafion ars tolarated.
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CONSENT FORM

TI'PLE OF STJDY

Bffact of Variation in the Burst Mode and Carrier Freguency of digh
Intensity Electrical Stimulation on Muscle Fatigue and :ain Perception in
Healthy Subjects. )

I, ; consant to participats in a ra2search study under
the dicection of James G. Rooney, P.T. and Dean P. Currier, P.T., Pnh.D.,
to be conducted at the University of Kantucky.

I understand that the purpose of the study is to determine the
effaect that variations in the burst mods and carrier frequency hava on
muscle fatique and pain perception. The carrisr fraguency (tha number >£
cycles per sacond) will ope interruptad periodically (burst mod=s) and th2

various combinations of burst mod2 and carrier freguency statistically

analyzed ©o determine the 2ffect of various compinations on fatigue and
o3in.

A thorougn Jdescrintion 2f tna orocedures o D2 usad have dean
explainad =0 m2 and I andars:iand thas thar2 may o2 discoanfort in the
tnizn mascles duriag stimulazion, The discomfort zan best d2 dascribed
23 a duall cramping sensation in the thigh muscle. I also undarstand that
I Will 22 anle o zoncorol the intensity of the stimulatdr during the
2xparimental session. The procedur: is as follows: 1) during a

familiarization session, my ha2ight, sex and weight will be racorded.
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2) My maximum isometric knee extensor torque will be determined using
the Cybex isokinetic exercise unit. The highest reading of these
repetitions will be recorded. 3) I will be given time to familiarize
mys2lf with the Slectrostim 180-2i high intensity electrical stimulation
unit. 4) Following the familiarization session, thera will be three
additional exparimental sessions. During each of thes2 exparimental
sessions, I will randomly receive one of three predetermined burst modes
{30, 73, 90 Hz) combined with a randomly chosen carrier freguency (2,500,
5,029, 10,000 Hz). I will receive ten scimulations with each combination
and expzrience three combinations per sassion. 5) Immediately following
the tanth stimulation, I will be asked to rata the discomfort
exparienced, using a visual scale. 6) A final exparimental session will
determina the effect of incrementing the intensity of stimulation on
fatigue, pain and torgue. Tha least painful stimulating combination from
the first three sessions will be used and I will control the intensity.
Ajain, ten stimulations will be given.

I undarstand that it will be necessary for m2 <0 receive elactrical
stimalation during four to fiva experimental sessions at various
freguancias and intaensities of stimualation. 3Zach session will last
forzy-fiv2 minuzas.

nat I may witndraw my consant and discontinuz

-
b
Qs
N
"
u
cr
w
o
[oH
ct

Larcicipation in tha researcnh at anytime without prajuiica Lo ma.

T

I undarstand thac, in the evant of physical injury rasaltiiag Zrom

czh procedura 1n which I am to participatz, no forms of
conpensation ara availaoble., Medical tr2atment may o2 providad at my own

2xpanse; by the Viterans Administration Medizal Centar, if I am eligible;

or at th2 expansa of my h=2alth care insarer (i.e., Medicare, Madicaid,
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BC/BS, etc.) which may or may not provide coverage. If I have guestions,
I should contact my insurer.

I hava been 1nformed of the various contraindications and risks
which would keep me from participating in this study. These include
cardiovascular problems and pacamnakers.

I authoriza James G. Roonzy and Dean P. Currier to keep, ressrve,
use and dispos: of the findings from this rasearch with the provision
that my name not be associated with any of thz results.

I have been given the opportunity to ask, and hava answered, any
questions concerning ths procedures to be used during this rasearch. 1
understand that I will pe paid twenty~five dollars by check approximataly
5ix weeks after completion of the study o2nding approval of a grant from

the Kentucky Chapter of the Amarican Physical Therapy Association.
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Questions have been answered to my satisfaction. I have read and

undarstand the contents of this forn and have received a copy.

Witnass Date

Participant Date

I hava explained and defined in detail the resz2arch procedura in which

th2 subject has consented to participatae.

Signatazs

<
v
1
11}
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Subject

WONOUb W

Body Weight
(kg)

72.7
72.7
77.2
6.0
70.4
68.1
80.9
79.5
a3l.8
63.6
77.2
93.1
79.57
73.1
54.5
76.3
6l.3
82.7
77.2

N OGO NGO O
W OOrFbJWw
¢ e
OWwwwou o

Height

(cm)

133
165
183
173
130
178
130
183
133
175
175
193
133
180
163
133
173
183
130
175
175
182
133
175
165
175
173

Torgue

(N.m)

219.6
219.6
223.7
146.4
204.7
196.6
223.7
199.3
220.9
172.2
196.6
230.5
220.9
197.9
146.4
244.0
196.6
204.7
219.6
195.2
195.6
145.4
204.7
199.3
196.6
149.1
135.86

133

Force

(N)

726
726
739
434
77
659
740
659
730
569
550
762
731
654
434
307
659
677
726
645
850
434
677
539
850
493
850
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Pain Rating/Burst Mode -
Freguency Combination
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Pain Rating

Burst Mode/Carcier Frequency

50/10000  70/10000 90/10000

70/5200  90/5000

70/2500  20/2500 50/ 5000

50/ 2500

sSubject

N

8.2
4.7
6.2

3.6
4.6
5.8
6.5

1.1
0.6
1.7
3.7
4.0

1.5
7.0
2.9
2.7

o

.9

8.2

3.7
3.7

6.7
6.0

8.4
2.8
1.8

5.4

4.9

1.4

~

2.4
9.5

1.6

7.6

5.3

wn

3.7

.0

5.3

7.9

5.3
4.3

4.2

4.1
©

7.8

3.4

3
Jat

.4

8

~ ~
0

.9
5.7

6.2

2.3

y.
0.3

9.2

9.2

1.7
5.8

.6
8.9
4.0

8.7
8.5
4.5

8.0

3.7

9
10
11

9.2

9.6
6.7

7.0
1.4

L.

7.4
8.1
3.1

3.2
7.8
5.0

6.0
3.8

1.7

4.3

7.1
6.3

5.4
6.2

2.0
1.3
3.0

5.9

2.7

4.7

<9

6
3.7

L3
11
15

Q"
N Oy AN

wn

1.8
5.7
4.5

L.1

6.1

4.7

5.2

6.8
6.3

7.5

vy

~N

16

3.4
7.0
9.2
4.6

Uy

2.7 1.7

3.8

.4

3.9

4.3

L7
L3
19

6.9
4.1

3.2
7.5

9.3

.9
2.7
3.8
3.1

59

5.0
7.7

4.6

2.0

9.6
5.3

4.1

e}

1.0

20

[S9]

. 4.1

3.6

21

3.5

4.6
7.1

4.7

2.1

.43
1.2

7.6
9.1

1.1

\0

~N

4.4

8.1

1.4

~N

24

6.9 5.5
7.1

5.0

L.l

1.0

4.0

2"

7.0
5.7

7.5
6.1

4.3
2.4

6.2

0
W

20

7.0

o

~

L.9

27
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Milliamperage Neadad to Attain 50% MVC
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